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TRANSAMINATION WITH PURIFIED ENZYME 
PREPARATIONS (TRANSAMINASE) 


By PHILIP P. COHEN* 


(From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven) 


(Received for publication, July 26, 1940) 


Braunstein and Kritzmann (1) have reported that with pigeon 
breast muscle any a-amino acid, with the possible exception of 
glycine, is active in transamination with either a-ketoglutaric or 
oxaloacetic acid. On the other hand, the author (2) found that 
transamination in pigeon breast muscle is limited to the following 


reactions. 
a 


(1) l(+)-Glutamic acid + oxaloacetic acid — a-ketoglutaric acid 
+ I(—)-aspartic ies 
(2) 1(+)-Glutamic acid + pyruvie acid br a-ketoglutaric acid 
4 vitbanieaas 


Attempts to find evidence for a third reaction, 


a 
(3) 1(—)-Aspartic acid + pyruvic acid = oxaloacetic acid + l(+)-alanine 
b 


were not successful. 

Braunstein and Kritzmann (1) further observed that trans- 
amination took place between glutamic acid and various a-keto 
acids in the presence of a purified enzyme preparation from pigeon 
breast muscle. Kritzmann (3) reported in some detail on the 
preparation and properties of these enzymes from pigeon breast 
and pig heart muscle and stated (4) that two distinct enzyme 
systems were involved, one concerned with the reversible trans- 
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amination of glutamic and the other of aspartic acid. On the 
basis of this, Braunstein (5) suggested the names of gluiamic 
aminopherase for the former, aspartic aminopherase for the latter. 
Since the original term Umaminierung used by these workers (6) 
has been accepted with the English (and French) equivalent of 
transamination (5, 7, 8), it is suggested here that the enzyme (or 
possibly enzymes) catalyzing the transfer of amino nitrogen be 
termed transaminase. The latter term is more euphonious and 
does not suffer from a mixed etymology. Further it will be shown 
in this and the next paper that it has not been possible to demon- 
strate the existence of two separate enzyme systems, one con- 
cerned with glutamic and the other with aspartic acid, but rather 
that the most active transaminase preparations catalyze a reaction 
in which both glutamic and aspartic acids are substrates. 

In a recent review of transamination (9) Braunstein reported 
considerable differences in the percentage transamination of cer- 
tain amino acids with pigeon breast muscle on the one hand and 
a purified enzyme preparation on the other. It therefore seemed 
desirable to study the activity of transaminase with different 
a-amino acids and a-keto acids. This paper deals with such 
experiments, in addition to a description of a new analytical 
method for studying transamination with purified enzyme prepa- 
rations. 


Methods of Studying Transamination with Transaminase 


The use of purified enzyme preparations simplifies the study 
of transamination considerably as compared with sliced or minced 
tissue. Since the enzyme preparations are free of oxidation sys- 
tems, it is not necessary to use either anaerobic conditions or 
inhibitors. Further, the comparative freedom from extraneous 
material and side reactions in the case of the enzyme preparations 
makes not only for greater specificity and accuracy of the analyti- 
cal procedures, but also permits the use of further simple analytical 
methods not applicable to minced and sliced tissue. 

Satisfactory micromethods are now available for glutamic acid 
(10), a-ketoglutaric acid (11), and oxaloacetic acid (12, 13). No 
satisfactory specific micromethods have as yet been devised for 
alanine or aspartic acid. However, a satisfactory method for 
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measuring the formation and disappearance of aspartic acid will 
be described in the next section. 


Procedures and Methods 


Preparation of Transaminase—Fresh pigeon breast and pig heart 
muscle were used as a source of transaminase. The method of 
preparation from both sources is essentially the same and followed 
that of Kritzmann (3). Pig hearts were obtained from the slaugh- 
ter-house immediately after death and kept on ice while in transit. 
If not used immediately, the heart muscle can be stored in a solid, 
frozen state for several weeks and still yield active transaminase 
preparations. The ventricular tissue was dissected free of fat, 
coarsely hashed in a meat grinder, and twice washed by suspending 
in 3 volumes of distilled water. After the second washing the 
tissue was sucked as dry as possible through muslin on a suction 
filter and again put through the meat grinder, this time arranged 
so as to yield a fine mince. A weighed amount of the finely minced 
tissue was ground up with sand in a large mortar and extracted 
with 5 volumes of 1 per cent potassium bicarbonate solution, added 
in small portions during the grinding. The suspension was allowed 
to stand for 30 minutes with intervals of grinding, and then centri- 
fuged. The supernatant was filtered through a double layer of 
fine muslin and the pulp returned to the mortar to be reextracted 
twice with 2 volumes of potassium bicarbonate solution in the 
above manner. The combined extracts were then incubated at 
37° for 1 hour, cooled, and brought to pH 4.2 by the slow addition 
of 10 per cent acetic acid and 1 M acetic acid-acetate buffer, 
pH 4.2. The 10 per cent acetic acid solution was added in an 
amount slightly greater than that required to neutralize the potas- 
sium bicarbonate used. The acetate buffer was added in an 
amount equivalent to one-fifteenth of the volume of the extract. 
The turbid solution was allowed to stand in the refrigerator over- 
night. A bulky grayish precipitate is observed on the following 
morning with a clear, dark brown supernatant. The supernatant 
was carefully decanted and the remaining suspension centrifuged 
in the cold room. The centrifugate was repeatedly suspended 
and centrifuged in about 10 volumes of cold distilied water. (This 
procedure was repeated six to seven times, each centrifugation 
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lasting for 45 to 60 minutes before the supernatant was free of 
turbidity.) The moist precipitate was then preserved in the cold 
with the addition of several drops of octyl alcohol. By this 
treatment the moist precipitate remains active for 10 to 14 days. 
500 gm. of fresh pig heart muscle yield approximately 50 gm. 
of moist precipitate which has a dry weight of about 5 gm. 

Before the phosphate extract of the stored moist precipitate 
was prepared, the latter was resuspended in cold distilled water 
and centrifuged at high speed in the cold. The freshly centrifuged 
moist precipitate was suspended in 3 to 4 parts of M/15 phosphate 
buffer, pH 7.7, and kept at 55° for 20 minutes. The suspension 
was then cooled and centrifuged in the cold for 45 minutes. The 
supernatant, which was used as the enzyme solution, was usually 
free of tubidity and has a slight yellowish tinge. The solution 
now has a pH of 7.5. The protein content of these preparations 
varied from 1 to 4 mg. per ml., as measured by nitrogen deter- 
minations. The enzyme solutions rapidly lose their activity on 
standing. Attempts to prepare active dry preparations have not 
been successful to date. 

The enzyme preparations showed no oxygen uptake in the 
presence of methylene blue and the following, /(+)-alanine, 
l(+-)-glutamic, l(—)-aspartic, a-ketoglutaric, oxaloacetic, pyruvic, 
and succinic acids. 

Preparation of Boiled Muscle Extracts—¥resh pig heart and 
pigeon breast muscle were used. 40 gm. of fresh tissue were 
finely minced and suspended in 50 ml. of m/15 phosphate buffer, 
pH 7.7. The suspension was placed in a boiling water bath for 
10 minutes and then filtered. The filtrate was brought to a quick 
boil, cooled, and filtered again. This filtrate was used as boiled 
muscle extract. 

Preparation of Substrates. Ovxaloacetic Acid—Oxaloacetic acid 
was prepared by the hydrolysis of oxaloacetic ester according to 
Simon (14). The ester was synthesized according to Wohl and 
Osterlin (15). The hydrolysis of oxaloacetic ester with concen- 
trated HCl according to Simon gives low yields of oxaloacetic acid 
owing to the incompleteness of the hydrolysis. It was found pos- 
sible to increase the yield considerably by extracting the filtrate 
from the first hydrolysis mixture with ether, removing the ether, 
and again adding concentrated HCl! to the unhydrolyzed oxalo- 
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acetic ester. The oxaloacetic acid was recrystallized from ben- 
zene-acetone; m.p. 150°, uncorrected. The free acid was found 
to be stable for many months if stored in a dark bottle in the 
refrigerator. 

a-Ketoglutaric Acid—a-Ketoglutaric acid was prepared by the 
hydrolysis of oxalosuccinie ester according to Neuberg and 
Ringer (16). Oxalosuccinic ester was synthesized according to 
Wisclicenus and Waldmuller (17). The a-ketoglutaric acid pre- 
pared in the above manner contained about 5 per cent free oxalic 
acid. This was removed by adding CaCl solution to a warm 
aqueous solution of the acid, filtering off the precipitate, and 
extracting the acidified aqueous filtrate with ether. The a-keto- 
glutaric acid purified in this manner had a melting point of 
111-113°, uncorrected. 

Amino Acids—Most of the amino acids employed were com- 
mercial products. The author is indebted to Dr. Joseph 8. Fruton 
for a sample of d(—)-glutamic acid, to Professor Vincent du 
Vigneaud for a sample of d(—)-alanine, and to Dr. Fritz A. Lip- 
mann for a sample of phosphoserine. The samples of l({ —)-cysteic 
acid and metal-free 1( — )-cysteine were obtained from Dr. Abraham 
White, to whom the author is duly grateful. 

Pyruvic Acid—Pyruvie acid was freshly distilled and made up 
as a 1 M aqueous solution. When stored in a brown bottle in the 
refrigerator, such a solution remains stable and non-toxic for 
months. The aqueous solution was neutralized with 1 m sodium 
bicarbonate solution before being used as substrate. 


Experimental Procedure 


All substrates were neutralized to the proper pH just before use. 
The a-keto acids were usually made up as 0.2 m and the amino 
acids as 0.06 m solutions. (dl-Amino acids were made up in twice 
the concentration used for the d or l forms.) 

The enzyme solutions (from pig heart muscle unless indicated 
otherwise) and substrates were incubated in stoppered Erlenmeyer 
flasks. The latter were fixed to a shaking rack which was attached 
to a constant temperature bath at 38°. Since added substrates 
were not oxidized in the presence of the enzyme and air, it was 
not necessary to employ anaerobic conditions. For the deter- 
mination of aspartic, glutamic, and a-ketoglutaric acids, the reac- 
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tion was stopped by the addition of 1 ml. of 10 per cent H.SO,, 
followed by 0.5 ml. of 10 per cent sodium tungstate solution. 
Suitable aliquots of the protein-free filtrates were employed for 
these analyses, as described later. For the determination of oxalo- 
acetic acid, the reaction was stopped by the addition of 0.5 ml. 
of 50 per cent citric acid. 


Analytical Procedures 


Determination of Aspartic Acid Formation and Disappearance— 
Dakin (18) first observed that in the presence of an excess of 
chloramine-T aspartic acid yielded 2 moles of COs, while most of 
the other amino acids tested yielded but 1. The application of 
this reaction to the manometric determination of amino nitrogen 
was carried out by Dr. H. A. Krebs (personal communication’) 
who concluded that the yields of CO, from the different amino 
acids were not sufficiently constant to be generally used for amino 
nitrogen determination in place of a reagent like ninhydrin (19). 
However, while yields of CO, vary from amino acid to amino acid, 
any given amino acid yields a constant amount of CO, under 
defined experimental conditions. Since of the amino acids con- 
cerned in transamination aspartic acid gives 2 moles of CO: while 
alanine and glutamic acid give but 1 when treated with chlor- 
amine-T, it is apparent from a glance at Reactions 1 and 3 that 
changes in CO, production can be used as a measure of transamina- 
tion. In view of the fact that a well washed enzyme preparation 
is employed which is free of non-protein nitrogen, the deproteinized 
experimental solutions contain only a mixture of the reactants 
and thus can be analyzed without difficulty. 

In practice the following procedure is adopted. The experi- 
ments are so arranged that the control flasks contain the amino 
acid to be studied plus the enzyme solution. The experimental 
flasks contain in addition the a-keto acid. After a suitable incuba- 
tion period the solution is deproteinized by the addition of 1 ml. 


‘The following is a summary of Dr. Krebs’ findings: Glutamic acid, 
alanine, phenylalanine, leucine, proline, N-methylleucine yield 101 to 
104 per cent CO, (pH 4.7, 40°); leucine, valine, isoleucine yield 105 to 115 
per cent; aspartic acid and glycine form rapidly 1 mole of CO, and, more 
slowly, a 2nd mole. Ammonium salts interfere by forming N: with chlor- 
amine-T. 
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of 10 per cent H,SO, plus 0.5 ml. of 10 per cent sodium tungstate 
solution, and diluted to a volume of 10 to 14 ml. before filtering. 
An aliquot of the protein-free filtrate is then transferred to a 
graduated tube and the volume noted. (It is desirable to use 
relatively large aliquots of the order of 5 ml. in order to minimize 
errors in volume readings.) The tubes are placed in a boiling 
water bath for 30 to 45 minutes, or until the solutions are con- 
centrated to approximately one-half the original volume. This 
serves to decompose the oxaloacetic acid which in high concentra- 
tions yields CO,. The tubes are then cooled and the original 
volume restored with distilled water. (Where small amounts of 
amino acid are present, the concentrated solution is used.) An 
aliquot of 1 ml. is then taken for the manometric determination 
of COsx. 

For the manometric determination of CO2, conical Warburg 
vessels with side arms having a capacity of at least 1 ml. are 
employed. 1 ml. of the solution to be analyzed is pipetted into 
the side arm. The main compartment contains 1 ml. of citrate 
buffer solution, pH 4.7 (see (10)), plus 2 ml. of freshly prepared 
10 per cent chloramine-T solution. A control vessel contains 
the same solutions as the experimental vessels, except that 1 ml. 
of acidified and CO,-free water is placed in the side arm. The 
flasks are then attached to the manometers and shaken in a con- 
stant temperature bath at 38°. The reaction is usually complete 
in 20 to 30 minutes. Typical results are shown in Table I. 

Determination of Glutamic Acid—Glutamic acid was determined 
on aliquots of deproteinized solutions according to the author’s 
method (10). However, as pointed out previously, storage of the 
succinoxidase preparation at temperatures even as low as 4° results 
in an increasing “biank’’ oxygen uptake with a decrease in activity. 
As a result fresh enzyme preparations need to be made frequently. 
It has been found possible to overcome this difficulty to some 
extent. In the first place it has been found that freshly dissected 
pigeon breast muscle will yield active succinoxidase preparations 
even after 2 months storage, provided that the muscle is kept in a 
solid frozen state. This is best achieved in the freezing chamber 
of an electric refrigerator. As a result of this, the need for main- 
taining live pigeons as a source of succinoxidase is eliminated. 
Further, it has been found that washed preparations of the pigeon 
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breast muscle (see (10)), whether prepared from fresh or frozen 
tissue, will retain their activity with a low blank for as long as 
2 weeks, if also kept in the solid frozen state. 

Determination of a-Ketoglutaric Acid—a-Ketoglutaric acid was 
determined according to the method of Krebs (11). An aliquot 
of the protein-free filtrate was transferred to a Kutscher-Steudel 
extractor and treated with 1 ml. of 50 per cent H2SO, plus 2 ml. 





TABLE | 
CO, Production from a-Amino and a-Keto Acids with Chloramine-T 
Each vessel contains 0.5 ml. of 0.01 m amino or keto acid plus 1 ml. of 
citrate buffer, pH 4.7, plus 2 ml. of chloramine-T; temperature 38°. (The- 
oretical CO, yield calculated on the basis that 0.5 ml. of 0.01 Mm amino acid 
yields 112 microliters of CO,.) 








Amino acid CO: found Theoretical 
microliters | per cent 
l(—)-Aspartic acid | 232 | ww 
Glycine... 198 177 
l(+)-Arginine... 144 129 
l(+-)-Lysine.. ; és 138 123 
1(+-)-Glutamic acid...... — 114 102 
1(+-)-Valine.... 118 105 
1(—)-Phenylalanine 16 =| 104 
1(+-)-Alanine 112 100 
dl-Methionine. 112 100 
dl-Threonine.... 113 100 
l(—)-Cysteine... 117 104 
l(—)-Proline. . 116 104 
l(—)-Cysteic acid.... 117 104 
om — — — — | 
Keto acid | 
Pyruvic acid....... 1.5 
a-Ketoglutaric acid 2 
‘.v 


Oxaloacetic acid..... 


of 2 per cent KMnQ, solution. This was allowed to stand at room 
temperature for 30 minutes. If the permanganate was decolorized 
during this interval, more was added. The solution was then 
directly extracted with ethyl ether. A considerable amount of 
MnO, is extracted along with the succinic acid. This does not 
interfere with the succinic acid determination, but, if desirable, 
can be readily removed by centrifugation. 
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Determination of Oxalodcetic Acid—Oxaloacetic acid was deter- 
mined by the method of Ostern (12) as modified by Edson (13). 
At the end of the incubation period 0.5 ml. of 50 per cent citric 
acid solution was added to the incubation mixture and the acidified 
solution placed in the refrigerator. 0.5 ml. of aniline citrate is 
placed in the side arm of the Warburg vessel, while an aliquot 
(usually 2 ml.) of the acidified incubation mixture plus 0.5 ml. of 
50 per cent citric acid solution is placed in the main compartment. 
The determination is carried out at 21°. 


Results 


Glutamic Acid Formation from a-Ketoglutaric Acid and Different 
Amino Acids—The percentage transamination (percentage glu- 
tamic acid formation) of different amino acids in the presence of 
a-ketoglutaric acid and transaminase is listed in Table II. As 
ean been seen, the most active amino acid is 1(—)-aspartic acid; 
l(+)-alanine and I(—)-cysteic acid are somewhat less active, 
while /(+)-valine shows only a slight activity. None of the 
remaining amino acids listed shows any appreciable activity. It 
is to be noted that neither of the d-amino acids tested shows any 
activity, although the corresponding /-amino acids are somewhat 
active. These results with transaminase are in agreement with 
those previously reported by the author for minced pigeon breast 
muscle (2), in which the only amino acids appreciably active in 
transamination with a-ketoglutaric acid are 1(—)-aspartic acid 
and l(+-)-alanine. (l(—)-Cysteic acid was not studied.) The 
results for the two amino acids differ only in the relative rates 
of transamination, which will be discussed in the next paper. 

Braunstein (9) has recently published values for transamination 
of different amino acids, using minced pigeon breast muscle and 
purified enzyme preparations. He found that while /(+-)-alanine 
was transaminated to roughly the same extent with both the 
minced muscle and the enzyme preparation, the amino acids 
l(+-)-valine, /(—)-leucine, and l(+)-isoleucine were transaminated 
to only one-third the extent with the enzyme preparation. Thus 
with minced pigeon breast muscle Braunstein reports that these 
amino acids are transaminated to the extent of 17 to 21 per cent, 
while with the purified enzyme preparation they are transaminated 
to an extent of less than 7 per cent. 
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Aspartic Acid Formation from Ozaloacetic Acids and Different 
Amino Acids—The percentage transamination (percentage aspar- 
tic acid formation) of different amino acids in the presence of 
oxaloacetic acid and transaminase is shown in Table III. From 
this it can be seen that of the amino acids tested, only /(+-)-glu- 


TaBLe II 


Glutamic Acid Formation from a-Ketoglutaric Acid and Different 
Amino Acids 
Each flask contains 3 ml. of transaminase solution plus 0.3 ml. of 0.2 » 
a-ketoglutaric acid; 1 ml. of 0.06 m d- or l-amino acid (0.12 m for dl-) added 
as indicated; substrate concentration, 0.014 m; pH 7:5; incubation time, 
60 minutes; temperature 38°. 


ln : . Increase due . 
| pe ~~ noe ‘to added amino Transamina- 











Amino acid | --F tion 
| 
microliters microliters per cent 
None. — ree 77 
l(—)-Aspartic acid...... 430 353 26.3 
1(+)-Alanine sae 347 270 20.1 
l(—)-Cysteic acid. | sm | 8 | 18.8 
1(+-)-Valine 122 45 
l(—)-Phenylalanine 92 15 
1(+-)-Arginine. .. yi 92 15 
i(+)-Tryptophane.... Levene 91 14 
1(—)-Cysteine 84 | 7 
1(+-)-Lysine. . 84 7 
dl-Methionine .| 64 
l(—)-Leucine | 66 | 
dl-Histidine. . pedal 67 
8-Alanine... ae 86 9 
Glycine.......... ines aac niall | 70 | 
Amino acids of d series 
| 
d(—)-Alanine. . ; | 85 | 8 
d(—)-Valine 90 13 








tamic acid and 1(—)-cysteic acid are active. None of the d-amino 
acids is active. The activity of l(—)-cysteic acid is of considerable 
interest, since it reacts with both a-ketoglutaric acid (Table II) 
and déxaloacetic acid. Braunstein (9) has reported this amino acid 
to be active with pigeon breast muscle brei but inactive with puri- 
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fied enzyme preparations. In both instances pyruvic acid was 
used as the ketonic acid. The activity of cysteic acid is explained 
by Braunstein on the grounds that it is a dibasic amino acid and 
so acts like aspartic and glutamic acids. According to Braunstein 
the electrostatic configuration rather than the presence of specific 


Taste IIl 
Aspartic Acid Formation from Ozaloacetic Acid and Different 
Amino Acids 
Each flask contains 3 ml. of transaminase solution; 1 ml. of 0.06 m d- or 
l-amino acid (0.12 m for dl-) plus 0.3 ml. of 0.2 m oxaloacetic acid added as 
indicated; substrate concentration, 0.014 m; pH 7.5; incubation time, 60 
minutes; temperature 38°. 











CO: formed | 
: : Transami- 
Amino acid | Without hese % 4 CO: notion 
— acetic acid | 





microliters | per cent 











1(+)-Glutamic acid 1325 | 2360 +995 75 
l(—)-Cysteic acid 1400 1595 +195 13.9 
\(+)-Alanine 1400 | 1440 | +440 | 
l(+)-Valine | 1440 | 1478 | +38 | 
l(—)-Phenylalanine 14145 | 1450 | +35 
dl-Methionine 1340 | 1360 | +20 | 
dl-Threonine 1450 | 1465 | +15 
l(+)-Arginine 1730 | 1740 +10 
l(--)-Cysteine 1390 | 1350 | —40 
l(—)-Proline ...| 1390 1370 | —20 
l(+)-Lysine 1655 | 1620 | —35 
Phosphoserine | 1216 | 1192 | —24 

Amino acids of d series | 
d(—)-Glutamie acid | 1350 | 1360 | +10 
d(—)-Valine | 1500 | 1460 —40 | 
d(+)-Phenylalanine 1485 1480 —5 | 


carboxy! groups is the determining factor in the affinity of the 
dibasic amino acids. Thus in addition to cysteic acid he reports 
homocysteic acid and phosphoserine to be active. However, the 
latter does not appear to be active with oxaloacetic acid and trans- 
aminase (Table III). It is of interest to note from Tables II and 
III that aside from 1(+)-alanine the only amino acids reacting 
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with a-ketoglutaric and oxaloacetic acids are dibasic amino acids, 
Of these, glutamic acid is the most active (Table III). 

The optical specificity of transaminase is strikingly demon- 
strated from the data in Table III. Thus while /(+-)-glutamie 
acid forms 995 microliters of aspartic acid in the presence of trans- 
aminase and oxaloacetic acid, d(—)-glutamic acid forms no sig- 
nificant amount. 

Transamination of Glycine and Glutathione—As previously 
shown, glycine yields approximately 2 moles of CO. when treated 
with chloramine-T. Since alanine and glutamic acid yield but 
1 mole of CO, under the same conditions, the decrease of CO, 
production in incubation mixtures of glycine, transaminase, and 


TaBLe IV 
Transamination of Glycine and Glutathione with a-Ketlo Acids 


Each flask contains 3 ml. of transaminase solution plus 1 ml. of 0.06 m 
glycine or glutathione; 0.3 ml. of keto acid added as indicated; substrate 
concentration, 0.014 m; pH 7.5; incubation time, 60 minutes; temperature 


38°. 


Substrates CO: found ACO: 


microliters | microliters 


Glycine 2370 
= + pyruvic acid 2390 +20 
ba + a-ketoglutaric acid 2430 +-60 
Glutathione 1115 
1085 — 30 


vs + oxaloacetic acid 
pyruvic or a-ketoglutaric acid can be employed as a measure of 
transamination. Such experiments are listed in Table IV. As 
can be seen, glycine does not undergo transamination with either 
pyruvic or a-ketoglutaric acid. Further evidence for this can be 
seen from Table II in which no glutamic acid formation occurs 
when glycine, a-ketoglutaric acid, and transaminase are incubated. 
Previous studies by the author (2) have also shown that glycine 
is not active with minced pigeon breast muscle. 

Since glutathione is a substituted dibasic amino acid, its ability 
to participate in a transamination reaction was investigated. It 
‘an be seen from Table IV that there is no evidence of aspartic 
acid formation when glutathione is incubated with oxaloacetic 


acid and transaminase. 























P. P. Cohen 577 


Effect of Boiled Muscle Extract on Transamination—Kritz- 
mann (4) has reported that a thermostable cofactor prepared from 
muscle tissue is necessary for the action of enzyme preparations 
catalyzing transamination reactions in which aspartic acid partici- 


TABLE V 
Effect of Boiled Muscle Extract on Transamination 
Each flask contains 3 ml. of transaminase solution; 1 ml. of beiled muscle 
extract; 0.3 ml. of 0.2 Mm amino acid and 0.3 ml. of 0.2 m keto acid as indi- 
cated; substrate concentration, 0.013 m; pH 7.5; temperature 38°. 


Incu- | Found Trans- 
Substrates bation | (oxalo- A amina- 
time acetic) tion 


Transaminase and muscle extract from pigeon breast muscle 


micro- | micro- 


min. liters liters |P® cons 
l(—)-Aspartic acid wi 15 0 
sis + muscle extract 15 1.6 
+ pyruvic acid 15 1.4 
+ ” + muscle extract 15 3.7 
a-Keto- 
| glutaric | 
l(+)-Glutamie acid 60 98 
Muscle extract 60 33 
1(+)-Glutamic + pyruvic acid 15 | 265 167 | 12.5 
“ + ” 60 | 476 378 | 25.7 
o - on + muscle extract 15 280 149 | 11.1 
“ > «ae ae 60 | 438 | 307 | 28.0 
Transaminase and muscle extract from pig heart muscle 
l(—)-Aspartie acid 15 9.5 
sa + muscle extract 15 9.2 
+ pyruvic acid.. 15 10.4 
+ a + muscle extract 15 7.8 
sa + a-ketoglutarie acid 15 | 251 18.6 
- + ws + muscle 


extract 15 243—C‘dS| 18.1 

pates. In view of the fact that Reaction 3 was not catalyzed by 
the transaminase preparations used in this study (see Tables III, 
VI, and VII), the effect of concentrated muscle extract on this 


reaction was investigated. 
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Enzyme solutions prepared from pigeon breast and pig heart 
muscle were studied in the presence and absence of extracts from 
the same tissues. Transamination in these instances was followed 
by measuring the amount of oxaloacetic acid formed in the case 
of Reactions 1,b and 3,a, and the amount of a-ketoglutaric acid 
in Reaction 2,a. As can be seen from Table V, boiled muscle 
extract is without effect on any of the reactions studied. One 
must conclude from these experiments that the failure of trans- 
aminase to catalyze Reaction 3 is not due to the lack of a simple, 


TaBLE VI 
Effect of Different Concentrations of a-Ketoglutaric Acid 
on Reaction 3,a 
Each flask contains 3 ml. of transaminase solution plus 1 ml. of 0.06 m 
aspartic acid; 0.3 ml. of 0.2 m pyruvic acid and 0.3 ml. of 0.2, 0.02, and 0.002 
mM a-ketoglutaric acid added as indicated; incubation time, 60 minutes; 
pH 7.5; temperature 38°. 














Substrates Ot, | ACOs [amine 
ion 
"liters | “Titers | Per cent 
l(—)-Aspartic acid 2870 
53 + pyruvic acid 2920 | +50 
= + a-ketoglutaric acid (0.2 m) 2510 | —360 | 25 
es + pyruvic acid + a-ketoglutaric acid 
(0.2 m) 2440 | —430 | 30 
l(—)-Aspartic + a-ketoglutaric acid (0.02 m) 2860 —10 
as + pyruvic acid + a-ketoglutaric acid 
(0.02 m) 2910 | +40 
l(—)-Aspartic + a-ketoglutaric acid (0.002 m) 2840 | —30 
” + pyruvic acid + a-ketoglutaric acid 
(0.002 m1) | 2830 | —40 





thermostable, extractable cofactor. It is also apparent from these 
data that boiled muscle extract is without effect on the rates of 
Reactions 2,a and 1,b. 

Effect of Different Concentrations of Glutamic and a-Ketoglutaric 
Acids on Reaction 3—As previously pointed out, the failure of 
transaminase to catalyze Reaction 3 is not due to the lack of a 
thermostable cofactor. However, since the substrates of Reac- 
tion 3 can react with glutamic and a-ketoglutaric acids according 
to the Reactions 1 and 2, the question arises as to whether Reac- 
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tion 3 cannot be catalyzed by the addition of small quantities of 
these substances. Braunstein (9) has reported that this could 
be accomplished in the case of Reaction 3,a by the addition of 
small amounts of a-ketoglutaric acid in the presence of a purified 
enzyme preparation (glutamic aminopherase). 

In Table VI some data are listed showing the effect of different 
concentrations of a-ketoglutaric acid on Reaction 3,a. It is seen 
that only when the concentration of added a-ketoglutaric acid 


TaBie VII 
Effect of Different Concentrations of Glutamic Acid on Reaction 3,b 


Each flask contains 3 ml. of transaminase solution; 1 ml. of 0.06 m 1(+)- 
alanine; 1 ml. of 0.06 m and 0.01 m /(+)-glutamic acid; 0.3 ml. of 0.2 m oxalo- 
acetic acid added as indicated; incubation time, 60 minutes; pH 7.5; tem- 
perature 38°. 

















! 
Trans- 
Substrates <, | 4 CO: — 
TTitere | Titers | Percent 
l(+)-Alanine 1435 
6 + oxaloacetic acid | 1410 | —25 
l(+)-Glutamic acid (0.06 ») 1360 | | 
- + oxaloacetic acid. 2340 +950 | 72 
l(+)-Alanine + oxaloacetic acid + l(+)-glutamic 
acid (0.06 m) 3700 | +905*| 67 
l(+)-Glutamic acid (0.01 m).. 207 | 
" + oxaloacetic acid 385 | +178 | 86 
l(+)-Alanine + oxaloacetic acid + 1(+)-glutamic 
acid (0.01 m) 1810 +168t| 82 








* 3700 — (1360 + 1435). 
t 1810 — (207 + 1435). 


is high (0.2 m) is there any influence on Reaction 3,a. However, 
the increase in transamination is only 5 per cent in this instance. 
The failure of the lower concentrations of a-ketoglutaric acid to 
influence Reaction 3,a rules out the possibility of this substance 
acting as a catalyst. In Table VII some data on the effect of 
different concentrations of glutamic acid on Reaction 3,b are given. 
Here again there is no evidence that glutamic acid can catalyti- 
cally influence the rate of Reaction 3. The lower values found 
in the instances where /(+)-alanine is present in addition to oxalo- 
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acetic and the different concentrations of glutamic acid are not 
significant. 

Effect of Pyruvic and Oxaloacetic Acids on Reactions 1 ,a and 2,a- 
The effect of oxaloacetic acid on Reaction 2,a, and of pyruvic 
acid on Reaction 1,a is shown in Table VIII. As can be seen, 
the presence of equivalent amounts of pyruvic and oxaloacetic 
acids has no effect on the amount of aspartic acid formed by trans- 
amination, but does influence the amount of a-ketoglutaric acid 
formed. If Reactions 1,a and 2,a proceeded more or less inde- 
pendently in the presence of equal amounts of pyruvic and oxalo- 
acetic acids, as might be expected from the fact that the aspartic 
acid formation is uninfluenced, then the amount of a-ketoglutaric 


TaBLe VIII 
Effect of Oxaloacetic Acid on Reaction 2,a 
Each flask contains 4.5 ml. of enzyme solution plus 1 ml. of 0.09 m 1(+)- 
glutamic acid; 0.3 ml. of 0.3 m oxaloacetiec acid and 0.3 ml. of 0.3 m pyruvie 
acid added as indicated; incubation time, 60 minutes; pH 7.5; temperature 


a 
Aspartic a-Ketoglu- 
Substrates acid taric acid 
formation formation 
per cent per cent 
l(+)-Glutamie acid i 0 0 
‘ + pyruvie acid 25 
_ + oxaloacetic acid 63 60 
“ + pyruvie + oxaloacetic acid. 62 72 


acid formed should be additive for the two separate reactions; 
that is, 85 per cent. Actually, only 72 per cent is realized, indi- 
cating that in the presence of oxaloacetic acid Reaction 2,a is 
inhibited (to the extent of 50 per cent), doubtless on a competitive 
basis, while in the presence of pyruvic acid Reaction 1,a is unaf- 
fected. It can be assumed from these results that both Reactions 
l,a and 2,a are being catalyzed by one and the same enzyme. The 
more rapid rate of Reaction 1,a (3 times more rapid than Reac- 
tion 2,a) and the greater affinity of its substrates for transaminase 
explain why Reaction 1,a is uninfluenced by pyruvic acid, while 
Reaction 2,a is inhibited by oxaloacetic acid. 

Effect of Di- and Tribasic Acids—Braunstein (9) has reported 
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that small concentrations of dibasic acids competitively inhibit 
transamination. In Table IX are listed data which show the 
effect of di- and tribasic acids on Reaction 1,a. As can be seen, 
there is no inhibition of transamination, even though the con- 
centration of the di- and tribasic acids is as great as that of the 
oxaloacetic and the glutamic acids. These results are in keeping 
with those found by the author (2) in pigeon breast muscle with 
malonic and pyrophosphoric acids, which in similar concentrations 
also had no effect on transamination. 


TABLE 1X 

Effect of Di- and Tribasic Acids on Transamination 
Each flask contains 3 ml. of transaminase solution plus 1 ml. of 0.06 m 
l(+)-glutamic acid; 0.3 ml. of 0.2 m oxaloacetic acid and 0.3 ml. of 0.2 m 
di- and tribasic acids added as indicated; substrate concentration, 0.013 
M; di- and tribasic acid concentration, 0.013 mM; pH 7.5; temperature 38°; 
incubation time, 30 minutes. 
































Substrates | ACOs be 
Su rai f d / amina- 
a i — tion 
tase | Tare | & 
1(+-)-Glutamie acid : 1385 
r + oxaloacetic acid....... 2385 | +1000 | 72 
. + ” + succinic acid. ..| 2410 | +1025 | 74 
“3 + “ +malonic “ ......| 2410 | +1025; 74 
~ + a + pyrophosphoric | 
acid Syepeelass 2395 | +1010 | 73 
l(+-)-Glutamic + oxaloacetic + citric acid. 2390 | +1005 | 72 
DISCUSSION 


Transamination with Pigeon Breast Muscle and Transaminase— 
It is apparent from the data presented here that of the many amino 
acids tested only 1(+-)-alanine, 1(+)-glutamic, 1(—)-aspartic, and 
l(—)-cysteic acids are active in transamination with transaminase. 
Aside from I(—)-cysteic acid, which was not investigated in a 
previous study with pigeon breast muscle by the author (2), the 
same amino acids are active in both cases. This means that the 
transaminase preparations have lost none of their transamination 
activity as far as substrate activation is concerned. The com- 
parison of the rates of reaction with the two systems will be pre- 
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sented in the following paper. Whether or not the transamination 
activity resides in a single enzyme which activates all the amino 
acids mentioned above is not apparent from these experiments. 
tlowever, the data of Table VIII indicate that there is a competi- 
tive inhibition for the substrates of Reactions l1,a and 2,a, suggest- 
ing that the same enzyme catalyzes both these reactions. 

Substrates Active in Transamination—lIn addition to Reactions 1 
and 2, it is apparent from this study that transaminase catalyzes 
two more reactions. 


a 
(4) l(—)-Cysteic acid + a-ketoglutaric acid = 1(+)-glutamic acid 
b 
+ 8-sulfopyruvie acid 
a 
(5) l(—)-Cysteic acid + oxaloacetic acid = 1(—)-aspartic acid 
b 


+ 8-sulfopyruvic acid 


Experimental evidence for Reactions 4,b and 5,b is not as yet 
available. 

In considering the chemical nature of the substrates active in 
transamination, it is seen that, with the exception of pyruvic acid 
and /(+-)-alanine, all the substrates are dibasic acids. It should 
also be noted that in the instances where the monobasic acids 
participate in a transamination reaction (Reaction 2) they are 
active only when the dibasic acid is a-ketoglutaric or glutamic 
acid. On the other hand, when both substrates are dibasic acids 
(as in Reactions 1, 4, and 5), glutamic acid is not essential 
(Reaction 4). 

Transamination in Tissues Other Than Muscle—The question 
as to whether transamination is qualitatively and quantitatively 
the same in different tissues is at present under investigation. It 
appears that more amino acids are transaminated in liver and 
kidney (20) than in pigeon breast muscle. Whether these tissues 
yield different transaminases is being studied at present. 

Results of Braunstein and Coworkers—Braunstein, who with his 
coworkers, has done the pioneer work on transamination, has 
recently reviewed this subject (9). The results of these workers 
differ in the main from those reported by the author in that they 
consider transamination to be a general reaction in which many 
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amino acids are involved, while it is the view of the writer that the 
reaction is a limited one, in muscle, at any rate, as regards sub- 
strate specificity. In addition, the experimental evidence offered 
by Braunstein and his coworkers in proof of (1) the existence of 
two separate enzyme systems, one for glutamic and the other for 
aspartic acids, the latter requiring a cofactor, (2) the catalytic 
effect of a-ketoglutaric acid on Reaction 3, and (3) the inhibitory 
action of dibasic acids on transamination is not supported by the 
experiments in this study. These differences in results are un- 
doubtedly due to the different analytical methods and techniques 
employed. 


SUMMARY 


1. By using the method of Kritzmann, it was found that both 
pigeon breast and pig heart muscle yield an enzyme (or enzymes), 
here called transaminase, which catalyzes the reactions 


a 
(1) Jl(+)-Glutamic acid + oxaloacetic acid — a-ketoglutaric acid 
b 
+ l(—)-aspartic acid 
a 
(2) 1(+)-Glutamic acid + pyruvic acid = a-ketoglutaric acid 
b 
+ 1(+)-alanine 
a 
(4) I(—)-Cysteic acid + a-ketoglutaric acid — l(+)-glutamic acid 
b 
+ 8-sulfopyruvic acid 
a 
(5) l(—)-Cysteie acid + oxaloacetic acid — 1(—)-aspartic acid 
b 
+ 8-sulfopyruviec acid 
(Experimental evidence for Reactions 4, b and 5, b is not available to date.) 


but not the reaction, 


a 
(3) l(—)-Aspartic acid + pyruvic acid = oxaloacetic acid + 1(+)-alanine 


b 


2. Boiled muscle extract is without influence on any of the above 
reactions. Further, Reaction 3 is not influenced by the presence 
of catalytic amounts of either a-ketoglutaric or 1(+)-glutamic acid. 
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3. Amino acids of the / series only are active with transaminase. 

4. Di- and tribasic acids do not inhibit transaminase. 

5. Glutathione is not active in transamination. 

6. A new manometric method is described for measuring the 
formation and disappearance of aspartic acid. It is based on the 
fact that aspartic acid yields 2 moles of CO, with chloramine-T, 
while most other amino acids yield but 1. This method is par- 
ticularly adapted for studying reactions with transaminase in 
which oxaloacetic or aspartic acid participates. 


The author wishes to express his thanks to Professor C. N. H. 
Long for his interest in this work. 
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KINETICS OF TRANSAMINASE ACTIVITY 


By PHILIP P. COHEN* 


(From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven) 


(Received for publication, July 26, 1940) 


In the preceding paper (1) the activity of transaminase in 
catalyzing the transamination of various a-amino and a-keto acids 
was investigated. In addition, the influence of cofactors and 
other compounds was studied. The experiments to be described 
in this paper deal with (a) some physical constants of transaminase 
and (b) kinetic studies of the reactions, 


a 
(1) J(+)-Glutamic acid + oxaloacetic acid — a-ketoglutaric acid 
b 
+ 1(—)-aspartic acid 
a 
(2) l(+)-Glutamie acid + pyruvic acid = a-ketoglutarie acid 
b 
+ 1(+)-alanine 
a 
(3) l(—)-Aspartic acid + pyruvic acid — oxaloacetic acid + /(+-)-alanine 
b 


Methods and Procedures 


The experimental and analytical procedures employed in this 
study were the same as those described in the previous paper (1). 
In addition to the determinations of glutamic, aspartic, and a-keto- 
glutaric acids, pyruvic acid was determined by the carboxylase! 
method of Westerkamp (2). At the end of the incubation period 1 
ml. of 3 M acetic acid-acetate buffer, pH 4.5, was added to the incu- 
bation mixtures. The solutions were then transferred to graduated 


* National Research Council Fellow in Medical Sciences. 
1 The author wishes to express his thanks to Dr. Joseph L. Melnick for 
a supply of dried brewers’ yeast. 
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tubes and an aliquot taken for analysis. The determination of 
pyruvic acid in the presence of a-ketoglutaric acid is possible 
because of the slow rate at which the latter is decarboxylated. 
Thus in the presence of mixtures of the two, practically all the 
pyruvic acid is decarboxylated during the first 15 minutes of 
contact with the carboxylase, while only a small amount of a-keto- 
glutaric acid reacts. 

Unless otherwise indicated in the different experiments, the 
source of transaminase was pig heart muscle. 


Results 
Kinetics of Transamination 


Velocity Constants of Reactions 1,a and 1,b>—The determination 
of the true velocity constants of Reactions 1,a and 1, is difficult 
owing to the relatively rapid rates of the reverse reactions. How- 
ever, some measurements were made at short incubation periods 
in an attempt to confine the reactions to their initial rates and so 
to minimize the rates of the reverse reactions. In Table I are 
presented velocity constants for Reactions 1,a and 1,b calculated 
on the basis of a monomolecular and a bimolecular reaction. Cal- 
culated on the basis of a monomolecular reaction, the initial rates 
appear to be constant during the first 10 minutes, but start falling 
off rapidly as equilibrium is approached. The values calculated 
for a bimolecular reaction appear to be somewhat less variable 
with time. 

The equilibrium constant, calculated from the velocity con- 
stants, for Reaction 1 (Ka/Kb = equilibrium constant) varies 
from 3.14 to 3.84, and from 3.69 to 5.10, as determined from the 
monomolecular velocity constants in the former and the bimolecu- 
lar in the latter. 

Rates of Reaction Product Formation and Substrate Disappearance 
in Reaction 1—With the demonstration that Reaction 1 is cata- 
lyzed by transaminase preparations (1), the rate of reaction prod- 
uct formation and substrate disappearance was investigated. 
This was done by measuring simultaneously the rates of a-keto- 
glutaric and aspartic acid formation in the forward reaction 
(Reaction 1,a) and the rates of glutamic acid formation and 
aspartic acid disappearance in the reverse reaction (Reaction 1,6). 
As can be seen from Table II, the rates of transamination are the 
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same whether a-ketoglutaric or aspartic acid formation is meas- 
ured in Reaction 1,a, or glutamic acid formation or aspartic acid 
disappearance in Reaction 1,b. These data prove definitely that 
Reaction 1 proceeds as indicated and that an accurate determina- 
tion of the formation or disappearance of any one of the four com- 
ponents involved will serve as a measure of transamination 
provided equilibrium has been established. Further, the a-keto- 
glutaric and glutamic acid values prove the validity of the method 


TABLE | 
Velocity Constants of Reactions 1,a and 1,b 
Initial substrate concentration, 0.014 m; pH 7.5; temperature 38°. 


1 a z 
Time Transaminated K= , ss; aint t(a—z)a 
(monomolecular) (bimolecular) 














Reaction l,a (initial glutamic and oxaloacetic acid concentration, 
60 micromoles) 





min. micromoles 
5 18.4 0.031 0.00147 
10 31.5 0.032 0.00184 
15 35.3 0.026 0.00159 
30 43.3 0.018 0.00144 


Reaction 1,6 (initial a-ketoglutaric and aspartic acid concentration, 
60 micromoles) 


0.000398 





5 6.4 0.0090 


10 11.8 0.0097 0.000408 
15 15.0 0.0083 | 0.000370 
30 16.8 | 0.0047 | 0.000282 





used for measuring aspartic acid formation and disappearance 
(1). 

Rates and Position of Equilibrium of Reactions 1, 2, and 3 with 
Transaminase Preparaiions from Pigeon Breast Muscle and Pig 
Heart Muscle—The rates of Reactions 1 and 2 are represented 
graphically in Figs. 1 and 2. As can be seen, the initial rate for 
Reaction 1,a is very rapid, approximately 50 per cent of the added 
substrate being transformed in the first 10 minutes. While Reac- 
tion 1,b is much slower than Reaction 1,a, the initial rate is also 
comparatively rapid. On the other hand, Reactions 2,a and 2,b 
proceed at a slow rate, with comparatively slow initial rates. 
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From Tables III and IV it would appear that the initial rates 
for Reactions 1 and 2 are somewhat faster in the presence of pigeon 


TABLE II 
Rate of Aspartic Acid Formation and Disappearance, and Glutamic and 
a-Ketoglutaric Acid Formation in Reaction 1! 

Each flask contains 4.5 ml. of transaminase solution; 1 ml. of 0.09 m 
amino acid and 0.45 ml. of 0.2 M a-keto acid added as indicated; phosphate 
buffer added to make substrate concentration 0.014 m; pH 7.5; incubation 
temperature 38°. 


Incu- Found Trans- 
Aspartic acid formation bation | “Go.” A amina- 
| time 4 tion 
micro- | micro- per 
neeeass liters liters cent 
1(+)-Glutamie acid 60 1975 
' + oxaloacetie acid 15 3000 +1025 52 
- + a - 30 3420 +1445) 73 
" + “ - 60 3480 | +1505 76 
a-Keto- 
glutaric 
acid 
a«-Ketoglutaric acid formation 
l(+)-Glutamic acid 60 20 
- + oxaloacetic acid 15 1080 | +1060) 53 
“ + ” ge 30 1336 | +1316 66 
” , 9 - 60 1440 | +1420) 72 
CO: 
Aspartic acid disappearance 
l(—)-Aspartie acid 60 4320 
= + a-ketoglutaric acid 15 3860 —460) 21 
sig + “ " 30 3750 —570| 26 
a. + . . 60 3690 —630| 29 
Glutamic 
acid 
Glutamic acid formation 
a-Ketoglutaric acid 60 52 
+ 1(—)-aspartic acid 15 422 | +370) 18 
” 4 = aa 30 55 +506) 25 


¢ + o o. 60 592 +540) 26 


breast muscle transaminase than that from pig heart muscle. As 
would be expected, the respective points of equilibrium are the 
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Fic. 1. Rate of Reaction 1. The ordinate to the left for Reaction 1, 
represents the percentage aspartic acid disappearance; the ordinate to the 
right for Reaction 1,a represents aspartic acid formation; both calculated as 
percentage transamination; substrate concentration, 0.014 Mm; temperature, 


38°; pH 7.5. 
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Fic. 2. Rate of Reaction 2. The ordinate to the left for Reaction 2,b 
represents the percentage glutamic acid formation; the ordinate to the 
right for Reaction 2,a represents the percentage a-ketoglutaric acid forma- 
tion; both calculated as percentage transamination. Substrate concentra- 
tion, 0.014 m; temperature, 38°; pH 7.5. 
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TaBLe III 
Rate of Transamination with Transaminase Prepared from Pigeon Breast 
Muscle in Reactions 1, 2, and 3 
Each flask contains 3 ml. of transaminase solution; 1 ml. of 0.06 m amino 
acid and 0.3 ml. of 0.2 m a-keto acid added as indicated. Substrate concen- 
tration, 0.014 M; incubation temperature 38°; pH 7.5 








; bation | Found, | 4 | Amine 
i ; a Sd ees ee =_— 7 I ra. tion 
! we. | te | TES | = 
Reactions l,a and 1,6 
1(+)-Glutamie acid 60 1310 
oe + oxaloacetic acid 15 2100 +790 | 60 
7 + , a 60 | 2240 | +930 | 71 
l(—)-Aspartic acid 60 2850 | 
- + a-ketoglutaric acid. 15 | 2520 | —330/ 23.1 
ae + ae ee 60 | 2380 | —470 | 33 
Pyruvic | 
acid 
Reactions 2,a and 2,5 
Pyruvie acid , 60 1325 
“= + 1(+)-glutamie acid 15 1143 | —182 | 13.7 
“ + * ais 60 985 | —340 | 25.7 
_a-Keto- | 
| glutaric | 
| acid | 
7 | i 
a-Ketoglutaric acid 60 1400 | 
= + 1(+-)-alanine 15 1196 —204 | 14.6 
- + " 60 1000 | —400 | 28.6 
CO: 
Reactions 3,a and 3,b 
l(—)-Aspartic acid 60 2850 
+ pyruvic acid | 15 2830 —20 
>i + si “ 60 2900 +50 
1(+-)-Alanine 60 1440 
ss + oxaloacetic acid | 18 1420 — 20 


a + = 44 os 60 1440 0 


same with the two transaminase preparations. It is apparent 
that Reaction 3 is not catalyzed by transaminase from either 
source. 
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TaBLe IV 


Rate of Transamination with Transaminase Prepared from Pig Heart Muscle 
in Reactions 1, 2, and 3 


Each flask contains 3 ml. of transaminase solution; 1 ml. of 0.06 Mm amino 
acid and 0.3 ml. of 0.2 m a-keto acid added as indicated; substrate concen- 
tration, 0.014 m; pH 7.5; temperature 38°. 


bation | Found.) 4 | gamine- 
time tion 
min "liters Titers cont 
Reactions 1l,a and 1,b 
1(+)-Glutamie acid 60 | 1270 
he + oxaloacetic acid 15 1820 | +550 | 43.3 
" + ” 7 | 60 | 2210 | +940 | 74 
l(—)-Aspartic acid 60 2725 
me + a-ketoglutaric acid 15 2440 | —285 | 20.9 
+ “ of 60 | 2260 | —465 | 34 
a-Keto- | 
glutaric 
aci 
Reactions 2,a and 2,b 
1(+)-Glutamiec acid 60 18 
, + pyruvic acid 15 122 | +104 8.2 
a + " ty 60 276 | +258 | 20.3 
Glutamic! 
acid | 
a-Ketoglutaric acid 60 | 76 | 
= + 1(+-)-alanine 15 212 | +136 | 10.1 
+ " 60 346 | +270 | 20.1 
CO: | 
Reactions 3,a and 3,b 
l(—)-Aspartic acid 60 2725 
+ pyruvic acid 15 2780 +55 
, + ”" " 60 2710 | —15 
i(+-)-Alanine ’ 60 | 1465 | 
“ + oxaloacetic acid. . 15 | 1480 | +15) 
+ a o | 60 | 1460 | —-5 


Kritzmann (3) has reported that enzyme preparations from 
pigeon breast muscle catalyze Reaction 2 at a rapid rate, equilib- 
rium being attained in about 60 minutes when 50 per cent of the 
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added substrates has reacted. According to this, Reaction 2 
attains equilibrium in the same period of time with the enzyme 
preparation as with pigeon breast muscle. Kritzmann did not 
study Reaction 1 in either pigeon breast muscle or with transami- 
nase preparations. From a previous study made by the author 
(4) of Reactions | and 2 in pigeon breast muscle it appeared that 
both reactions came to equilibrium when 50 per cent of the added 
substrates had reacted, Reaction 1 attaining equilibrium more 
rapidly than Reaction 2. This would imply that Reaction 1 comes 
to different positions of equilibrium with pigeon breast muscle 
and transaminase. However, this difference can be explained by 
the fact that oxaloacetic acid undergoes a number of rapid reac- 
tions when added to pigeon breast muscle under anaerobic (and 
aerobic) conditions. The chief among these are 


(a) Oxaloacetic acid — pyruvie acid + CO, (5)* 

(6) Oxaloacetic acid — malic acid — fumarie acid — succinic acid (6) 
(c) Oxaloacetic acid + pyruvic acid — malic acid + acetic acid + CO, (7) 
(d) Oxaloacetic acid + pyruvie acid — citric acid (8) 


The effect of these rapid side reactions would be such as to slow 
down the rate of Reaction 1,a, while increasing the rate of Reac- 
tion 1,6. The net result of this would be that seen in pigeon breast 
muscle, where, compared with the transaminase preparation, 
Reaction 1,a is slower, while Reaction 1, is faster. This would 
give the impression of a different equilibrium point for the same 
reaction. The effect of different concentrations of oxaloacetic 
acid on the percentage transamination of glutamic acid can be 
seen from Fig. 3. Thus when the concentration of both glutamic 
and oxaloacetic acids is 0.014 mM, the percentage transamination 
is 70, but, when the concentration of oxaloacetic acid is halved, 
the percentage transamination is decreased to 52. The latter 
value is approximately that found with pigeon breast muscle when 
glutamic and oxaloacetic acids are added in equimolecular con- 
centrations. The rate of oxaloacetic acid disappearance by the 
reactions listed above is such that the concentration of added 
oxaloacetic acid would be halved in a very short time. In support 
of this are the observations by Szent-Gyérgyi and Straub (5) who 


* The figures following the reactions, refer to bibliographic reference 


numbers. 
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reported that 7 per cent of the added oxaloacetic acid disappeared 
by Reaction a alone in 10 r-inutes, while Szent-Gyérgyi and Banga 
(9) found that of 8.6 mg. of added oxaloacetic acid 8 mg. disap- 
peared in the first 10 minutes. 
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Fic. 3. Effect of different substrate concentrations on transamination 
in Reactions l1,a and 1,6. Glutamic acid concentrations for Reactions 1, a 
1, a’, and 1, a” are 0.007 m, 0.014 m, and 0.028 m, respectively; oxaloacetic 
acid concentration indicated on the abscissa. Aspartic acid concentrations 
for Reactions 1, b, 1, b’, and 1, b” are 0.007 m, 0.014 m, and 0.028 m, respec- 
tively ; a-ketoglutaric acid concentration indicated on the abscissa. The or- 
dinate on the left for Reactions 1, b, 1, b’, 1, 6” represents the percentage 
aspartic acid disappearance, the ordinate on the right for Reactions 1, a, 
1, a’, 1, a” represents percentage aspartic acid formation; both calculated 
as percentage transamination. Temperature, 38°; pH 7.5; incubation time, 


60 minutes. 


The higher rates of transamination for Reaction 1,b in pigeon 
breast muscle as compared with transaminase preparations is 
explainable by the rapid removal of formed oxaloacetic acid by 
the reactions listed above. This would not only serve to increase 
the rate of Reaction 1,b, but would also decrease the rate of the 


reverse reaction, No. 1,a. 
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In pigeon breast muscle, Reaction 2 rapidly approaches a 
steady state when approximately 50 per cent of the substrates has 
reacted (4). In the case of transaminase, however, the reac- 
tion is considerably slower in attaining equilibrium (Tables III 
and IV; Fig. 2). As shown in the preceding paper (1), boiled 
muscle extract is without influence on Reaction 2. However, this 
does not rule out the possibility of a thermolabile cofactor for this 
reaction. 

A comparison of the Qteranssmination Values, 





microliters substrate mee ) 


( Qsmmnnsi - mg. dry weight x hour 


of pigeon breast muscle and transaminase is of interest. In a 
previous study (4) it was found that the Qtransamination Values of 
pigeon breast muscle as measured in Reactions 1,a and 2,a are of 
the order of 44 and 39, respectively, calculated on the basis of 
initial rates. With the same reactions the Qtransamination Values of 
transaminase are 1668 and 296, respectively. From this it would 
appear that with purification the activity of the enzyme as meas- 
ured in Reactions 1,a and 2,a@ is increased 38-fold and 7.6-fold, 
respectively, a ratio of 5:1. This would suggest that the two 
reactions are catalyzed by different enzyme systems. However, 
it must be kept in mind that these ratios are based on the assump- 
tion that the Qtransamination Value for pigeon breast muscle as meas- 
ured in Reaction 1,a represents the optimum value. It is certain 
that the Qtransamination Value of 44 is toolow. Whether it is 5 times 
too low is impossible to say, but in view of the rapidity of the side 
reactions and the difficulty of measuring optimum rates at very 
short incubation periods a Qtransamination Value of around 200 is more 
probable. 

It is apparent from the above Qtransamination Values that there is 
about an 8-fold increase in activity with purification (this is on 
the assumption that the 38-fold increase as measured in Reaction 
l,a is incorrect according to the above discussion). Kritzmann 
(3) has reported a 12-fold increase in activity for similar prepara- 
tions, as measured in Reaction 2. However, the transamination 
values for pigeon breast muscle used as a basis for activity com- 
parison are very low. Calculated on a Qtransamination basis, she finds 
a value of 8.9. This is about one-fourth the value reported in 
other publications from that laboratory. 
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Reaction 3 is not catalyzed by any of the transaminase prepara- 
tions tested so far. Direct study of this reaction in pigeon breast 
muscle is difficult owing to the lack of suitable specific micro- 
methods. Indirect studies by the author (4) have shown that the 
reaction does not take place to any measurable extent in pigeon 
breast muscle. On the other hand, Braunstein (10) has reported 
that Reaction 3 occurs not only in pigeon breast muscle, but also 
with purified enzyme preparations. According to Braunstein the 
enzyme preparations from pig heart and pigeon breast muscle are 
inactive with aspartic acid owing to the lack of a cofactor. How- 
ever, in the previous paper (1) it was shown that boiled muscle 
extracts were without influence on any transamination reactions. 

Effect of Substrate Concentration; Michaelis Constant for Trans- 
aminase—The effect of varying the concentration of glutamic acid 
with respect to oxaloacetic acid on transamination in Reactions 
1,a and 1,b is shown in Fig. 3. If both substrates are kept at equal 
concentrations, the amount of substrate transaminated is increased 
with increasing concentration of substrate, but the percentage 
of substrate transaminated is decreased. With a given concen- 
tration of glutamic or aspartic acid, increasing the relative con- 
centrations of oxaloacetic and a-ketoglutaric acids, respectively, 
results in an increase in the percentage transamination of the amino 
acids. From Fig. 3 it can also be seen that at substrate concentra- 
tions of 0.007 m and 0.014 m Reactions 1,a and 1,6 approach equilib- 
rium at approximately the same rate, while at a higher concen- 
tration, 0.028 m, the equilibrium is approached at a slightly slower 
rate. 

In Fig. 4, the microliters of aspartic acid formed with varying 
concentrations of substrate (the concentrations of glutamic and ox- 
aloacetic acids are equal) isshown. From this curve, the Michaelis 
constant, K,, can be calculated for transaminase as indicated. 
The value of —log S at the point of half the maximum rate of 
aspartic acid formation is —1.86. This corresponds to a Michaelis 
constant, K,,, of 0.0138 m. 

Effect of Temperature—The effect of temperature on transami- 
nase activity measured in Reaction 1,a is shown in Fig. 5. The 
optimum temperature appears to be 40°, beyond which the rate of 
the reaction slowly decreases. The crude enzyme (moist precipi- 
tate) is apparently less thermolabile, since it can withstand heating 
to 70° for 20 minutes, as first pointed out by Kritzmann (3). Be- 
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Fic. 4. Effect of substrate concentration on transaminase activity; 
Michaelis constant. The abscissa represents the negative logarithm of ' 
the substrate concentration (glutamic and oxaloacetic acids); the left 
ordinate represents microliters of aspartic acid formed; the right ordinate, 
points of maximum and half maximum rates. Temperature, 38°, pH 7.5; 
incubation time, 15 minutes. K, calculated from parameters as indicated. 
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Fic. 5. Effect of temperature (Reaction 1, a). Substrate concentration, 
0.014 mu; incubation time, 60 minutes; pH 7.5. The ordinate represents the 
percentage of aspartic acid formation calculated as percentage trans- 
amination. 
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Fic. 6. Effect of enzyme concentration on Reaction 1, a. The abscissa 
represents the square root of the mg. of protein present in 3 ml. of the 
different enzyme solutions; the ordinates represent the percentage aspartic 
acid formation calculated as percentage transamination. Substrate con- 
centration, 0.014 m; incubation time, 30 minutes; temperature, 38°; pH 7.5. 
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Fic. 7. pH-activity curve for transaminase. The abscissa represents 
the pH of incubation mixtures; the ordinate represents the percentage 
aspartic acid formation calculated as percentage transamination. Sub- 
strate concentration, 0.014 m; incubation time, 30 minutes; tempera- 


ture, 38°. 
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tween 20-40°, the rate of transamination is approximately doubled 
with each 10° rise in temperature. 

Effect of Enzyme Concentration—The effect of enzyme concen- 
tration on the percentage transamination in Reaction l,a is 
shown in Fig. 6. It appears that the percentage transamination 
is proportional to the square root of the enzyme concentration. 
This is in agreement with the so called law of Schiitz (11) which 
states that the velocity of a reaction is proportional to the square 
root of the concentration of the enzyme. However, since the per- 
centage transamination values represent rates measured after the 
reaction has attained equilibrium, it is obvious that they do not 
represent true reaction velocities. Thus the relationship seen in 
Fig. 6 may not hold when absolute velocities for Reaction 1,a are 
plotted against enzyme concentration. 

Effect of pH—The effect of pH on transaminase activity as 
measured by Reaction 1,a is shown in Fig. 7. The optimum pH 
for Reaction 1,a lies at about 7.5. Reaction 2,a has a pH optimum 
in the same region. Kritzmann (3) has also reported an optimum 
pH of 7.5 for Reaction 2. 

DISCUSSION 

Identity of Transaminase Preparations Catalyzing Reactions 1 
and 2—The question as to whether Reactions 1 and 2 are catalyzed 
by one and the same enzyme is not conclusively settled from this 
study. However, from the experiments in the preceding paper 
(1) it was seen that the substrates of Reactions 1,a and 2,a com- 
pete for the same enzyme. It is seen from the experimentsin this 
paper that both reactions have approximately the same pH optima, 
and further, that the transaminase preparations from two different 
sources, pigeon breast and pig heart muscle, behave identically. 
The one observation in favor of more than one enzyme is the dif- 
ference in Qtransamination Values with purification as measured in 
Reactions 1,a and 2,a. However, as previously discussed, this 
difference may well be more apparent than real. The above facts 
taken together support the idea that one and the same enzyme 
catalyzes Reactions 1 and 2. The chief substrates for this en- 
zyme are glutamic and oxaloacetic acids, on the one hand, and 
a-ketoglutaric and aspartic acids, on the other. Pyruvic acid and 
alanine have a limited affinity for the enzyme and therefore Reac- 
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tion 2 proceeds at a considerably slower rate than Reaction 1. 
If only one of the pair of substrates is a dicarboxylic acid, it must 
be either glutamic or a-ketoglutaric acid. Thus Reaction 3 is not 
catalyzed by transaminase (Tables III and IV). On the other 
hand, if the pair of substrates includes an a-amino dibasic acid and 
an a-keto dibasic acid, then glutamic acid is not required (1). 
This must mean that transaminase is chiefly concerned with the 
catalysis of reactions in which both substrates are dibasic acids 
(one an a-amino and the other an a-keto acid). 

Réle of Transamination in Intermediary M etabolism—The rapid 
rate of Reaction 1 indicates that 1(+)-glutamic and oxaloacetic 
acids, on the one hand, and /(—)-aspartic and a-ketoglutaric 
acids, on the other, represent the chief substrates for transaminase. 
The Qtransamination Value for this reaction in pigeon breast muscle is 
probably of the order of 200, which is several times greater than 
the Qo, value for that tissue. The substrates of Reaction 1 are 
also known to play important réles in the intermediary metabolism 
of muscle. Thus not only are 1(—)-aspartic acid and 1(+)-glu- 
tamic acid dehydrogenated by muscle (12-16) but they also act 
as respiratory catalysts (17). Glutamic acid, in addition, has 
been shown to act as a hydrogen carrier not only through virtue 
of the fact that its dehydrogenase can function with both di- 
and triphosphopyridine nucleotides (15, 18), and so can couple 
with other di- and triphosphopyridine nucleotide-catalyzed sys- 
tems (18, 19), but also by a dismutation reaction involving a-keto- 
glutaric acid and NH; (20). The reactions of pyruvie acid and 
the key réles of oxaloacetic and a-ketoglutaric acids as respira- 
tory mediators in the Szent-Gyérgyi-Krebs cycle have recently 
been elucidated by Krebs (21, 22). 

It thus becomes apparent that transamination is not only an 
extremely rapid reaction in pigeon breast muscle with Qtransamination 
values several times greater than the Qo, values, but that it is also 
concerned with those very substances which have been shown to 
play key réles in the intermediary metabolism of muscle. This 
would indicate that the réle of transamination is one of coupling 
or providing a common source or pathway for these important 
metabolites. In view of the rapid rate of transamination and its 
independence of aerobic conditions the importance of this reaction 
in making available such substances as a-ketoglutaric and oxalo- 
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acetic acids for muscle metabolism becomes apparent. While this 
may not be the only réle which transamination plays, it would ap- 
pear to be the chief rédle in muscle. 


SUMMARY 


1. In the presence of transaminase, Reaction 1 has an equilib- 
rium constant (Ka/Kb = equilibrium constant) of approximately 
3.5, and Reaction 2 of approximately 1. The different equilibrium 
constant observed in pigeon breast muscle for Reaction 1 is dis- 
cussed and explained. Reaction 2 has the same equilibrium con- 
stant as in pigeon breast muscle. 

2. Reactions 1 and 2 are probably catalyzed by the same enzyme 
(transaminase). 

3. The Qtransamination Values (calculated on the basis of initial 
rates) of transaminase for Reactions 1,a and 2,a are 1668 and 296, 
respectively, which represent an activity increase of 38- and 7.6- 
fold when compared with pigeon breast muscle. However, the 
38-fold activity increase for Reaction 1,a is probably incorrect 
owing to the difficulty of measuring the optimum rate of this 
reaction in pigeon breast muscle. 

4. Transaminase has an optimum activity at 40° and at pH 
7.5, with a Michaelis constant for Reaction 1,a of 0.0138 m. 

5. From this and previous studies by the author it appears that 
the chief substrates for transaminase from pigeon breast and pig 
heart muscle are a dibasic a-amino plus a dibasic a-keto acid. 

6. The réle of transamination in muscle metabolism is dis- 
cussed. 


The author wishes to express his thanks to Professor C. N. H. 
Long for his interest in this work. The author is also indebted to 
Mr. G. Leverne Hekhuis for technical assistance in certain phases 
of this study. 
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Mycolic acid is the principal ether-soluble constituent obtained 
on saponification of the purified wax (1), of the soft wax (2), and 
of the wax obtained in the purification of the phosphatide (3) of 
the human tubercle bacillus and it is the only substance that we 
have been able to isolate from the bacillus that possesses the prop- 
erty of acid fastness. It has been shown by Sabin and collabora- 
tors (4) that mycolic acid stimulates the proliferation of connective 
tissue cells when it is introduced subcutaneously into normal ani- 
mals, but it does not show any specific stimulating effect on mono- 
cytes or epithelioid cells such as is exhibited by the phosphatide 
(5) or by phthioie acid (6). 

In view of the abundance of mycolic acid in the tubercle bacillus 
we may assume that it plays an important réle in the life of the 
organism but its actual function is as yet unknown. Chemically, 
mycolic acid is very inert and it is extremely stable against both 
acids and alkali; hence it may be one of the chief substances which 
protect the bacillus against destructive attacks by cells or enzymes 
of the host. 

In earlier work reported from this laboratory (7) it has been 
established that mycolic acid is‘a saturated compound of high 


* The data are taken from the dissertation submitted by Alex Lesuk 
to the Faculty of the Graduate School, Yale University, 1939, in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 

The present report is a part of a cooperative investigation on tuberculo- 
sis; it has been supported partly by funds provided by the Research Com- 
mittee of the National Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1937-39. 
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molecular weight and that it contains hydroxyl and methoxy] 
groups. The average equivalent weight determined by titration 
of several of the purest samples of the acid was 1284 but individual 
preparations varied from 1270 to 1316. The simplest formula cal- 
culated from combustion analysis is CgsH)nO, or CegHireQO,. 
However, since mycolic acid does not crystallize, we have no ade- 
quate criteria of homogeneity. The acid as isolated may repre- 
sent a mixture of two or more acids which possess very similar 
properties and by reason of similar solubilities cannot be separated 
by present methods of purification. In fact, some results reported 
in the experimental part indicate that mycolic acid is not homo- 
geneous. New methods of purification must be developed before 
any definitely homogeneous mycolic acid can be isolated. 

It has been found in earlier experiments that mycolic acid de- 
composes when it is heated to 250-300° under reduced pressure 
and that normal hexacosanoic acid, CosH;2Os2, distils off, leaving a 
nearly colorless, unsaturated, non-volatile residue (7). This re- 
action might be explained on the theory that mycolic acid is a 
coordination compound, but as will be shown in the experimental 
part such a theory is untenable because normycolic acid does not 
yield hexacosanoic acid when heated under reduced pressure. 

It has been found in the present investigation that when mycolic 
acid is refluxed with hydriodic acid as in the usual Zeisel deter- 
mination only the methoxyl group is attacked, resulting in the 
formation of monoiodohydroxynormycolic acid. On reduction 
with zine dust and acetic acid this compound is converted into 
hydroxynormycolic acid and this substance on pyrolysis yields 
normal hexacosanoic acid and a neutral non-volatile residue. 

It has also been found that when mycolic acid is refluxed with 
more concentrated hydriodic acid both the methoxy] and the hy- 
droxyl groups are eliminated with the formation of diiodonormy- 
colic acid. This compound on reduction yields an acid which 
contains neither methoxyl nor hydroxyl and may be designated 
normycolic acid. This acid is optically inactive and when sub- 
jected to pyrolysis under reduced pressure does not yield hexaco- 
sanoic acid but is apparently decarboxylated. It is evident, 
therefore, that mycolic acid is not a coordination compound and 
that the hydroxy! group is essential for the pyrolytic cleavage to 
occur with the liberation of hexacosanoic acid. 
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Normycolic acid is not the only product obtained on reduction 
of the iodo compound. It is possible to separate from the reduc- 
tion product by means of the slightly soluble potassium salt a 
monohydroxymonocarboxylic acid which possesses a higher molec- 
ular weight than the original mycolic acid. This new acid is op- 
tically active and on pyrolysis it yields a volatile acid, presumably 
hexacosanoic acid. Whether the high molecular weight acid orig- 
inally contained methoxy! is not known, but it is evident that its 
hydroxyl group had not been replaced by iodine during the treat- 
ment with hydriodic acid. It is probable, in view of the isolation 
of this new acid, that mycolic acid is a mixture of two acids which 
are so similar in solubility that they cannot be separated by the 
methods used in purification. 

In order to secure further information concerning the structure 
of mycolic acid, oxidative degradation was attempted. It was 
found, however, that a very complex mixture of mono- and dicar- 
boxylic acids was formed when mycolic acid was oxidized with 
chromic acid. Only three acids could be identified in this mixture, 
namely stearic acid, n-hexadecane-1,16-dicarboxylic acid, and 
hexacosanoic acid. 

The presence of hexacosanoic acid among the oxidation prod- 
ucts is of special interest, since this acid is also obtained on py- 
rolysis. It would seem unlikely that the same group could be 
the source of hexacosanoic acid by pyrolysis and by oxidation, 
unless mycolic acid were a coordination compound. It has been 
shown, however, that mycolic acid is not a coordination compound, 
because normycolic acid yields no hexacosanoic acid on pyrolysis. 
This fact would justify the assumption that mycolic acid contains 
two straight chains, each containing 26 carbon atoms and one of 
these chains carrying a carboxyl group. The presence of stearic 
acid among the oxidation products indicates that mycolic acid 
also contains a straight chain Cis group. The dicarboxylic acids 
probably resulted from secondary oxidations. 


EXPERIMENTAL 


I. Demethylation of Mycolic Acid. Preparation of 
Monoiodohydrorynormycolic Acid 
The mycolic acid used in these experiments had been prepared 
as described in a former paper (7). The acid melted at 53-55.5° 
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and the molecular weight determined by titration was 1316. The 
methoxy! determination was carried out in a macro-Zeisel appara- 
tus, heated to 150°, and containing from 0.6 to 0.7 gm. of mycolic 
acid, together with 3 gm. of phenol, 8 cc. of acetic anhydride, 8 ce. 
of hydriodic acid, sp. gr. 1.70, and 1 cc. of hydriodic acid, sp. gr. 
1.96. The volatile iodide was determined quantitatively. 


Found, OCH; 1.33, 1.29 


The values for methoxyl agree with those reported earlier (7), 
namely 1.4 and 1.3. A total of 2.88 gm. of mycolic acid was de- 
methylated and the non-volatile reaction product was collected, 
washed with water, and dried in vacuo. The several lots were 
combined and dissolved in ether. The ethereal solution was 
washed first with a dilute solution of sulfur dioxide, and then with 
water, after which it was dried over sodium sulfate, filtered, and 
concentrated to a volume of about 75 cc. The iodo compound 
was precipitated as a white amorphous powder by adding an equal 
volume of methyl alcohol and cooling in ice water. The pre- 
cipitate was collected and reprecipitated in the same manner five 
times. The final product was a snow-white powder which weighed 
2.6gm. It melted at 50.5-52.5°, and remelted at 46-48°, molecular 
weight by titration 1570, and it contained 10.31 per cent of iodine. 
The hydroxy! value determined on the methyl ester by Stodola’s 
method (8) was 1.05 per cent. Before the hydroxyl value was 
determined, the acid was refluxed with benzene and dilute al- 
coholic potassium hydroxide in order to saponify any acetyl 
derivative that might have been formed. The free acid was re- 
covered and esterified with diazomethane. 

The calculated value for one OH group in a compound having 
the molecular weight of 1570 is 1.08 per cent and the iodine per- 
centage in a monoiodo compound of the above molecular weight 
is 8.08 per cent. The equivalent weight found is much too high 
for a monoiodo acid, but we can give no explanation for this high 
value. 

Hydroxrynormycolic Acid—The monoiodohydroxynormycolic 
acid, 2.36 gm., was dissolved in hot amyl alcohol to which zine 
dust and acetic acid were added and the mixture was refluxed 
for 4 hours, after which the excess zinc was filtered off and washed 
with amyl alcohol. The filtrate and washings were concentrated 
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in vacuo nearly to dryness, mixed with water, and extracted with 
chloroform. The chloroform solution after it had been washed 
free of acetic acid with water was concentrated to dryness. The 
residue was dissolved in benzene and after addition of methyl 
alcoholic potassium hydroxide the solution was refluxed for 6 hours 
in order to saponify any ester that might have been formed during 
the reduction. The reaction mixture was concentrated to a small 
volume by distillation, diluted with ether, and washed first with 
dilute hydrochloric acid and later with water until the washings 
were neutral to litmus. The solution was concentrated, mixed 
with methyl alcohol, and cooled in ice water. The white amor- 
phous precipitate which separated was filtered off, washed with 
methyl alcohol, and dried in vacuo. The substance was free from 
iodine. 

The white powder which weighed 1.8 gm. was dissolved in 120 
ec. of ether and the solution was neutralized to phenolphthalein 
with 0.018 n methy! alcoholic potassium hydroxide, whereupon a 
small amount of potassium salt separated. After the mixture had 
stood overnight, the precipitate was filtered off and washed with 
ether. This substance was examined as will be described later. 

The filtrate and washings which contained the ether-soluble 
potassium salt were combined and washed with dilute hydro- 
chloric acid and with water, after which the solution was concen- 
trated to a volume of about 20cc. The addition of 50 cc. of methyl 
alcohol caused a white amorphous precipitate which was collected, 
washed, and dried in vacuo. The snow-white powder weighed 1.49 
gm. This substance, which will be called hydroxynormycolic acid, 
melted at 56-58° and the molecular weight determined by titra- 
tion was 1284. 

The analytical values found are in approximate agreement with 
the calculated composition of hydroxynormycolic acid. 

Analysis—C g7Hi7;03 (1266) 

Calculated, C 82.46, H 13.74; found, C 82.30, 82.20, H 13.18, 13.20 

The above formula is derived from that of mycolic acid, but 
like the latter is only tentative. 

Hydroxynormycolic acid, which still contains one hydroxyl 
group, as shown by the presence of one hydroxy! in the iodo com- 
pound, when heated under reduced pressure at a temperature of 
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250-300° was split in the same manner as mycolic acid with the 
liberation of hexacosanoic acid. 

Isolation of a New Acid from the Ether-Insoluble Potassium Salt— 
The ether-insoluble potassium salt obtained as mentioned above 
was suspended in ether and shaken with dilute hydrochloric acid 
until everything dissolved. The free acid was isolated in the 
usual manner and precipitated from ether solution by the addition 
of methyl alcohol and cooling. The product was a white amor- 
phous powder and it weighed 0.22 gm. The acid melted at 74 
76° without preliminary sintering; molecular weight by titration 
1518; [a]® in CHCl, = +4.03°. 

Analysis—Found, C 82.69, 82.67; H 13.60, 13.72 


The methyl ester, prepared by the action of diazomethane, 
melted at 63-65°. 
Analysis—Found, OH 1.03, mol. wt. (Rast) 1475 + 57 


When the acid was heated under reduced pressure at a tempera- 
ture of 250-300°, a crystalline acid, presumably hexacosancic acid, 
distilled off, but owing to the small amount of material the acid 
could not be identified. 

The exact formula of the new acid cannot be established from 
the available data, nor is there any certainty as to the purity of 
the substance. The solubility of its potassium salt in ether is, 
however, distinctly lower than that of hydroxynormycolic acid. 
The analytical values found agree approximately with the cal- 
culated composition of a hydroxy acid of the formula Cyo,H20s03; 
calculated, C 82.97, H 13.83, molecular weight 1504. 


Preparation of Normycolic Acid 


In an attempt to replace both the methoxy] and the hydroxyl 
groups with iodine, mycolic acid was heated with a more concen- 
trated solution of hydriodic acid. In this experiment 3.75 gm. 
of mycolic acid were refluxed for 6 hours with 15 gm. of phenol, 
25 cc. of hydriodic acid, sp. gr. 1.96, 15 ec. of hydriodic acid, sp. 
gr. 1.70, and 7 ec. of acetic anhydride. The reaction product 
was isolated and purified by precipitation from ethereal solution 
with methyl alcohol. A snow-white amorphous powder was ob- 
tained that weighed 4.09 gm. and melted at 41-43°. 


Analysis—Found, I 15.4, mol. wt. by titration 1747 
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The equivalent weight of the substance is much too high for 
a diiodonormycolic acid. The molecular weight of a diiodonor- 
mycolic acid derived from an acid of molecular weight of 1316 
should be 1538 and the iodine content should be 16.4 per cent. 

The iodo compound, 4 gm., was dissolved in hot amy! alcohol 
and reduced with zine dust and acetic acid, after which the reduc- 
tion product was saponified as described in the first experiment. 
The recovered acid which was free of iodine was dissolved in ether 
and the solution was neutralized with methyl] alcoholic potassium 
hydroxide. The ether-insoluble and the ether-soluble potassium 
salts were separated by filtration and the free acids were liberated 
in the usuad manner. 

The acid obtained from the ether-insoluble potassium salt 
weighed 0.4 gm., melted at 74-76°, and corresponded in properties 
and composition with the acid of molecular weight 1518 obtained 
in the first experiment. 

The free acid isolated from the ether-soluble potassium salt, 
after it had been precipitated from ethereal solution by methyl 
aleohol and cooling, was obtained as a white amorphous powder 
that weighed 2.7 gm. and melted at 52-54°. 

tnalysis 

Found, C 83.31, 83.39; H 13.68, 13.62; mol. wt. by titration 1280 

In chloroform solution the acid showed no optical activity. 
The methyl ester, prepared by the action of diazomethane, was 
tested for hydroxyl by the method of Stodola (8) with completely 


‘negative results. The analytical values reported above are in 


approximate agreement with the formula Cg7HiyO2. (1250); 
calculated, C 83.52, H 13.92. However, since there are no cri- 
teria of purity of the acid, the formula must be considered as 
tentative. 
Pyrolysis of Normycolic Acid 

The acid, 1.5 gm., was heated under reduced pressure as des- 
cribed for mycolic acid to a temperature of 250-300° but no vola- 
tile acid distilled off. The temperature was raised to about 400° 
but only a trace of wax-like material condensed in the outlet tube. 
The contents of the flask were dissolved in ether and the solution 
was titrated with alcoholic potassium hydroxide with phenol- 
phthalein as indicator, but only 0.49 mg. of potassium hydroxide 
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was required. It is evident, therefore, that the acid had been 
almost completely decarboxylated on heating. 

The ethereal solution was washed with dilute hydrochloric acid 
and with water, dried over sodium sulfate, filtered, evaporated 
to a small volume, and mixed with methyl alcohol. After the 
solution had been cooled, the precipitate was filtered, washed 
with methyl alcohol, and dried. The substance melted at 49° after 
sintering at 36°. 

Analysis—C 85.36, H 13.90; mol. wt. (Rast) 1170, 1203; I No. 19.2 

II. Oxidation of Mycolice Acid with Potassium Permanganate 


An attempt was made at first to oxidize mycolic acid in boiling 
acetone solution with potassium permanganate, but this procedure 
did not yield any oxidation products that appeared at all promising 
or helpful for the elucidation of structure. The principal prod- 
uct that was recovered differed but slightly in melting point and 
equivalent weight from the original acid. A small quantity of 
acids which had an equivalent weight of 741 and melted at 61- 
68° was isolated but the material was non-crystalline and was 
apparently a mixture. It is evident that oxidation with perman- 
ganate was not sufficiently drastic to break down the large mycolic 
acid molecule into smaller recognizable units. This method of 
oxidation was therefore discontinued. 


Oxidation of Mycolic Acid with Chromic Acid 

It was found in preliminary experiments that when mycolic 
acid was oxidized in glacial acetic acid with chromic acid it was 
completely broken down, with the formation of a complex mix- 
ture of lower fatty acids. 

The following procedure was used in the final oxidation experi- 
ments. The mycolic acid, 3.0 gm., in 600 cc. of boiling glacial 
acetic acid, contained in a flask provided with a ground joint con- 
denser, was dispersed into finely divided globules by shaking and 
the emulsified condition was maintained by vigorous boiling. To 
the mixture was added gradually during a period of 45 minutes 
a concentrated solution of 7.8 gm. of chromic acid dissolved in 
hot glacial acetic acid, after which the reaction mixture was diluted 
with water and distilled with steam. However, mere traces of 
steam-volatile material were obtained, and were not further 
examined. 
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The non-volatile oxidation products were extracted with ether 
and the extract, after it had been washed free of acetic acid with 
water, was separated into neutral and acid components. A total 
of 24.7 gm. of mycolic acid was oxidized and yielded 21.1 gm. of 
fatty acids. 

The acids were esterified in ether solution with diazomethane 
and the methyl esters were subjected to fractional distillation in 
a high vacuum. Two fractionations were made in a flask pro- 
vided with a column of the Widmer type. The first fractions were 
colorless oils at room temperature while the later fractions were 
semisolid and partly crystalline. A gradual rise in the boiling 
point was observed without any sharp change in properties. 
Three additional fractionations through a column similar to that 
recommended by Klenk (9) did not yield any pure esters. After 
several further fractionations through a column similar to that 
described by Craig (10) a series of 60 fractions was collected, 
several of which had the same boiling and melting points. How- 
ever, none of these fractions was homogeneous. Further purifi- 
cation was effected by crystallization from acetone until the 
melting points remained constant, but very small amounts of the 
pure esters were obtained. By far the greater quantity of the 
esters remained unidentified and represented a very complex mix- 
ture that could not be separated into homogeneous compounds 
either by distillation or by crystallization. The three ester frac- 
tions described below were the only pure substances that could 
be isolated. 

Methyl Siearate—Three ester fractions from the sixth fractiona- 
tion which melted at 28-28.5° were combined and crystallized 
from acetone until the melting point was constant at 38°. The 
purified ester, 0.25 gm., gave on saponification the equivalent 
weight of 297. Methyl stearate requires an equivalent weight 
of 298. 

The free acid was isolated and crystallized from acetone and 
was obtained as colorless, thin plates. The acid melted at 68.5° 
and there was no depression when mixed with an authentic sample 
of stearic acid. 

Analysis—C,sHyeO2 (284). Caleulated. C 76.05, H 12.67 

Found. ** 76.10, ** 12.85 


Methyl n-Hexadecane-1 , 16-Dicarboxylate—Three fractions from 
the fifth fractionation which melted at 38-39° were combined, 
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total weight 0.45 gm., and recrystallized from aqueous acetone 
until the melting point was constant at 55-56°. The yield was 
22 mg. as colorless needles. On saponification the ester had an 
equivalent weight of 172. The free acid on crystallization from 
aqueous acetone gave fine colorless needles which melted at 121- 
122°. 
Analysis—C,sH;,0, (314). Calculated. C 68.79, H 10.82 
Found. ** 68.81, “* 10.96 


The melting points of the ester as well as that of the free acid 
correspond with those reported for n-hexadecane-1 , 16-dicarboxylic 
acid (11). 

Methyl Hexacosanoate—Four fractions from the fifth fractiona- 
tion which melted between 53-55° were combined, total weight 
0.6 gm., and recrystallized from acetone until the melting point 
was constant at 62-62.5°. The purified ester, 0.35 gm., gave on 
saponification an equivalent weight of 409. The equivalent 
weight of methyl hexacosanoate is 410. The free acid on erys- 
tallization from acetone separated as colorless thin plates and 
melted at 87-88°. There was no depression of the melting point 
when the acid was mixed with pure hexacosanoic acid, m.p. 88-89°. 

Analysis—CxH 0; (396). Calculated. C 78.78, H 13.12 


Found. *¢ 78.74, ** 18.15 
"oom, * Sea 


SUMMARY 

1. Mycolie acid yields on demethylation with hydriodic acid a 
monoiodo compound which on reduction gives hydroxynormycolic 
acid. The latter on pyrolysis is split in the same manner as my- 
colic acid into normal hexacosanoic acid and a non-volatile residue. 

2. Diiodonormycolic acid, formed when mycolic acid is refluxed 
with concentrated hydriodic acid, yields on reduction normycolic 
acid. The latter acid is decarboxylated on pyrolysis and no vola- 
tile acid is obtained. 

3. Asmall amount of a hydroxy acid of the approximate formula 
C1osH20s03 was separated from hydroxynormycolic acid and from 
normycolic acid, thus indicating that mycolic acid is a mixture 
of two acids. 

1. When mycolic acid is oxidized with chromic acid, a complex 
mixture of mono- and dicarboxylic acids is produced. The only 
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acids that could be identified among the oxidation products were 
stearic acid, n-hexadecane-1 , 16-dicarboxylic acid, and n-hexaco- 


sanoic acid. 


l 
2 
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Much is known concerning the metabolism of glucose and fruc- 
tose but one has only to read the review by Deuel (1) to recall that 
many problems, especially regarding fructose, await solution or 
clarification. Our interest in this field was quickened when it was 
found that persons having essential fructosuria do not respond 
with the usual increase in blood lactic acid observed in the normal 
individual when either fructose or sucrose is given. One hypoth- 
esis concerning the defect in metabolism giving rise to fructosuria 
is that the liver is unable to effect a stage or stages in the metab- 
olism of fructose which the normal person is able to consummate. 
It seemed possible that the failure to find an increase in the content 
of the blood lactic acid after the administration of fructose to per- 
sons with essential fructosuria might be related to the suggested 
liver defect. This view obtains support from the experiments 
described below, which indicate that the liver of the normal ani- 
mal is intimately involved in the production of lactic acid during 
the metabolism of fructose. 

White rats of both sexes varying in age from 93 to 111 days 
and weighing from 175 to 350 gm. were fasted for 24 hours and then 
given 1.5 cc. of either 50 per cent glucose or fructose solution by 
stomach tube. After an absorption period of 1 hour, the rats were 
anesthetized with sodium amytal and then their skinned hind legs 
and livers were frozen in situ with CO, snow. The procedure of 
obtaining the tissues and our methods for determining the tissue 
carbohydrates have been described (2). Lactic acid, glycogen, 
and total reducing substances of liver and muscle were determined. 
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The mean values were analyzed for statistical significance by the 
t test of Fisher (3) for small series of observations. 

The values given in Table I are so arranged that a direct com- 
parison of the effects of the administration of fructose can be made 
with those resulting from the giving of glucose. It is seen that 
1 hour after the sugars are given the following tissue constituents 
of the rats fed fructose were significantly increased: liver lactic 
acid, 37.1 and 22.2 mg. per cent for fructose and glucose, respec- 


TABLE I 
Carbohydrate Content of Tissues of Rats Given Glucose and Fructose 
The results are expressed in mg. per 100 gm. The values for glycogen 
are given in terms of glucose. The figures in bold-faced type represent 
values for the rats given fructose. 


Stand-| No. of rats 


Substance determined Maximal | Minimal Mean . = ee 
won ot! ales | Et 
Glycogen, liver 1798 770 1219 124 4 4 
= 2000 795 1628 163 | 3 5 
= muscle 682 501 573 27 | 4 4 
“ - 735 613 658* i9 | 3 5 
Lactic acid, live: 30.4 14.6 22.2 2.2} 4 4 
’ ” % 66.5 | 19.0 $7.1° 6.2) 3 5 
: muscle 30.5 16.1 22.9 1.8) 4 { 
“oo « a 43.1/ 16.6) 34.7*| 3.0 3 | 5 
Total reducing substances, 217 145 175 9.5) 4 4 
liver 
a " 298 =| (1565 204 22.3) 2 6 
Total reducing substances, | 37.4 22.0 29.1 2.1] 4 } 
muscle | 
5 


a “ 34.3 20.4) 27.0 1.7} 2 


* Statistically significant by the ¢ test of Fisher. 

tively; muscle lactic acid, 34.7 and 22.9 mg. per cent; and muscle 
glycogen, 658 and 573 mg. per cent. The values for liver glycogen 
and for total reducing substances of muscle and liver of the animals 
fed fructose were also greater but not enough to be significant. 


DISCUSSION 


The results show that 1 hour after the sugars were given the 
lactic acid content of the liver and the muscles of the rats fed 
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fructose was 67 and 52 per cent greater than in the case of the 
animals to which glucose was administered. At the same time, 
the liver glycogen of the former group was increased by 15 per 
cent. The data show definitely that these tissues were actively 
engaged in the metabolism of fructose, with the production of 
lactic acid. It is well known that the blood lactic acid increases 
after the ingestion of fructose and is thus carried to the various 
tissues. The place of origin of the lactic acid in these experiments 
cannot be given but from the studies of Wierzuchowski and 
Sekuracki (4) it seems plausible to assign the major réle to the 
liver. These workers found that the administration of fructose 
to the dog resulted in a marked formation of lactic acid in the 
liver, in contrast to the utilization or conversion of this substance 
when galactose, glucose, and maltose were given. Their results 
were based upon analysis of the blood entering and leaving the 
liver, while ours rested upon direct determinations made on the 
organ. 

Our findings are pertinent to the discussion regarding the greater 
rise in the respiratory quotient following the ingestion of fructose 
as compared with some other sugars. It is held by many that 
this effect is caused by an upset in the acid-base balance due to 
the production of lactic acid which results in a blowing off of CO, 
from the blood and other tissues. Others believe that the higher 
respiratory quotient is not due to the production of lactic acid 
but that it represents a more rapid oxidation of fructose. The 
observations herein recorded are considered to give definite weight 
to the view that lactic acid production is largely responsible for 
the elevation of the respiratory quotient. 


SUMMARY 


The administration of fructose by stomach tube to rats resulted 
in more than a 50 per cent increase in the lactic acid content of 
the liver and the muscles as compared with the results when glucose 
was given. This intermediary production of lactic acid from fruc- 
tose is considered to be added evidence for the view that lactic 
acid is largely responsible for the higher respiratory quotients 
observed after the ingestion of this sugar. 
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The determination of potassium as the silver cobaltinitrite salt 
was first adapted to biological materials by Breh and Gaebler (1), 
and Truszkowski and Zwemer (2) have offered modifications of 
the original method. In all these procedures the potassium ion 
is precipitated from chloride-free, Folin-Wu filtrates, but Cumings 
(3) has recently employed serum ash solution. Robinson and 
Putnam (4) have adapted the precipitation to the determination 
of potassium in water and Ismail and Harwood (5) to soil analyses. 

Burgess and Kamm (6) state that the silver cobaltinitrite rea- 
gent will detect 0.5 part of potassium per million at 15°; the sensi- 
tivity decreases as the temperature is raised, being about 1 part 
per million at 20° and 5 parts per million at 30°. This property 
makes possible the use of protein-free filtrates in the lower tempera- 
ture range. In our experience, however, the existing methods 
(1, 2) were inadequate, their accuracy being no greater than +3 
to +5 per cent, while frequently greater deviations were noted. 
Serious sources of error appeared to be an inconstant composition 
of the precipitate, loss of precipitate during washing, and the 
presence of excess silver in the chloride- and protein-free filtrates, 
giving rise to high values. Modifications designed to remedy these 
and other errors have been devised. The new procedure is less 
time-consuming and appears to be accurate within +2 per cent. 
Reagents 

1. Potassium standard. The solution employed contains 0.1 


* From a dissertation submitted to the Faculty of the Graduate College 
of the State University of Iowa in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 
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mg. of potassium per ml. (0.2228 gm. of potassium sulfate in 1 
liter of solution). 1 ml. of each of the protein precipitants is added 
to 10 ml. of the standard and diluted to 50 ml.' 4 ml. of the 
diluted solution, containing 0.08 mg. of potassium are used as 
the standard. 

2. Precipitating reagent. The reagent of Breh and Gaebler is 
used except that the sodium cobaltinitrite and silver nitrate are 
mixed at the time of preparation rather than immediately before 
use. 210 ml. of a solution of 120 gm. of sodium nitrite in 180 ml. 
of water are added to a solution of 25 gm. of cobalt nitrate in 50 
ml. of water and 12.5 ml. of glacial acetic acid. The mixture is 
aerated for 14 to 2 hours. 0.1 volume (usually 28 ml.) of 40 
per cent silver nitrate is added and the precipitate is dissolved by 
vigorous shaking. The reagent is stored in the refrigerator, but, 
prior to use, it is warmed to room temperature and filtered. It 
should be reaerated weekly and discarded after 1 month. 

3. Protein precipitants, } N sulfuric acid and 10 per cent so- 
dium tungstate. 

4. 1.80 per cent silver nitrate. 

5. Wash reagent, 2 parts of alcohol, 1 part of ether (peroxide- 
free), and 2 parts of water. The solution should be protected 
from evaporation. 

6. 0.2 N sodium hydroxide. 

7. 10 per cent acetic acid. 

8. Diazotization materials, 1 volume of 0.5 per cent a-naphthyl- 
amine in 30 per cent acetic acid and 2 volumes of 0.5 per cent 
sulfanilic acid in 30 per cent acetic acid (freshly mixed). The 
sulfanilic acid solution appears stable, but the a-naphthylamine 
becomes colored in a week or two and must be discarded. The 
solution will keep longer if stored in the refrigerator. Robinson 
and Putnam suggest mixing the materials at the time of prepara- 
tion, but the method recommended is more economical. 


Proce dure 


1 ml. of serum or plasma is added to 7 ml. of water in a centri- 
fuge tube, followed by 0.5 ml. of % N sulfurie acid, 0.5 ml. of 10 


1 When the salt is precipitated from standard or ashed solutions, the solid 
tends to cling to the side of the tube. The presence of a small amount of 
tungstic acid avoids this difficulty, possibly because the precipitation is 
slower. For this reason the protein precipitants are added to the standard 


and to ashed solutions when these are employed. 
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per cent sodium tungstate, and 1 ml. of 1.80 per cent silver nitrate, 
with thorough mixing after each addition. The tube is allowed to 
stand for 15 minutes and centrifuged. 

4 ml. of the filtrate are placed in a 15 ml., graduated centrifuge 
tube and 1 ml. of 95 per cent alcohol is added, with thorough mix- 
ing. 4m. of the diluted standard are treated in the same manner. 
There is insufficient filtrate for two 4 ml. samples. If it is desired 
to carry out duplicate determinations on 1 ml. of serum, 3 ml. 
aliquots of the filtrate and diluted standard are taken. 1 ml. of 
water and 1 ml. of alcohol are added and the treatment continued 
as with the 4 ml. samples. 

For whole blood analysis, 0.2 ml. of the sample is added to 8.3 
ml. of water, followed by 0.5 ml. of % N sulfuric acid, 0.5 ml. of 
10 per cent sodium tungstate, and 0.5 ml. of 1.80 per cent silver 
nitrate. 2 ml. of the filtrate are taken for analysis, an equal vol- 
ume of water and 1 ml. of alcohol being added and treatment 
continued as with the plasma samples. The method is appli- 
cable to urine analyses after ashing. 

The tubes are placed in a water bath maintained at 20°. After 
5 minutes 2.0 ml. of the precipitating reagent are added and the 
contents mixed by striking the bottom of the tubes, which are 
replaced in the bath and allowed to stand for } hour. At tempera- 
tures much higher than 25° the nitrite to potassium ratio in the 
precipitate is not constant; if the temperature is too low (16°) or 
the silver nitrate concentration too high, long, needle-like silver 
nitrite crystals may precipitate. In this case the precipitation 
must be repeated. 

Upon removal from the bath the tubes are centrifuged for 10 
minutes at about 2800 r.p.m. The supernatant fluid is removed 
to 0.2 ml. with suction, by means of a capillary glass tube. 7 ml. 
of the wash reagent are added, being blown down on the precipitate 
in such a way as to mix it completely with the wash solution.* 
After 10 minutes centrifuging the supernatant fluid is decanted, 
and, without being inverted again, the tubes are allowed to drain 


* The proper choice of wash reagent is important. In spite of the fact 
that Burgess and Kamm (6) state that the precipitate “‘exhibits a marked 
tendency to pass into the colloidal condition when washed with water,”’ 
certain investigators (1, 2) use water for this purpose. Water likewise has 
the disadvantage of causing flotation of the precipitate, even when octyl or 
caprylic alcohol is used. These disadvantages have been overcome by 
using a mixture of water, alcohol, and ether. 
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on an absorbent material for 5 minutes. The lips of the tubes 
are wiped and the washing repeated. It is convenient, when a 
large number of determinations are being carried out, to have two 
sets of tubes, one centrifuging while the other is being drained and 
prepared. Both may be compared with one standard. 

After the precipitate has been washed and drained for the 
second time, the lips of the tubes are again wiped. 10 ml. of 0.2 
Nn sodium hydroxide are added to each by blowing directly upon 
the precipitate, mixing it completely with the solution. Occasion- 
ally some of the material clumps in the bottom of the tube, but 
this has not been observed to vitiate the results. The tubes are 
placed in a bath of boiling water for 10 minutes, removed, and 
allowed to cool. The cooling may be hastened by placing the 
tubes under the tap. The volume is then made up to 10 ml. 
with distilled water, the contents mixed, and the tubes centrifuged 
for 5 minutes. The use of graduated centrifuge tubes has been 
found satisfactory. As an alternative procedure, the cooled, alka- 
line mixture may be quantitatively transferred to a 25 ml. volu- 
metric flask, made up to volume with water, and filtered. 

2 ml. of the centrifugate (or 5 ml. of the filtrate, if the volume is 
made to 25 ml.) of both the standard and the unknown solutions 
are added to 15 ml. of 10 per cent acetic acid in 50 ml. volumetric 
flasks. 3 ml. of the diazotization materials are added, the contents 
mixed, and the color allowed to develop for 5 minutes. The 
solutions are made up to volume with 10 per cent acetic acid, 
mixed by inversion, and the readings made, with the standard 
setat 15mm. _ If the reading of the unknown is above 19 or below 
10, the color must be redeveloped, with more or less of the centrif- 
ugate as the situation demands.’ Readings should be made 
within 4 hour after dilution. A blue light filter is used in our 


laboratory. 


3 A series of solutions containing various concentrations of sodium nitrite 
was prepared and the color developed as described. The reading was 
found to be directly proportional to the concentration of the nitrite only 
within the limits specified. It is important to let the color develop a full 
5 minutes before dilution. Color development in the dilute solution 
proceeds more slowly and is not complete in 10 minutes. The precaution 
advised by Truszkowski and Zwemer of changing the standard after six 
readings does not appear to be necessary. 
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Calculations—S/U X 40/A = mg. of potassium in 100 ml. of 
plasma or serum, when S = reading of standard, U = reading of 
unknown, and A = ml. of centrifugate of unknown solution taken 
for color development. (When the final volume before color de- 
velopment is 25 ml., the value is multiplied by 2.5.) 


Comment 


One of the chief objections to the determination of potassium 
as sodium potassium cobaltinitrite is that the composition of the 
salt varies with the conditions of precipitation (7). This holds 
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concentration at 0° and 20°. Curve 1, precipitation at 0° without alcohol; 
Curve 2, precipitation at 0° with alcohol; Curve 3, precipitation at 20°. 
All points are the averages of two or more determinations. 


true also if the silver cobaltinitrite reagent is used, varying 
amounts of AgK»Co(NOs), or AgzKCo(NOs2). (and possibly some 
of the sodium salts) being obtained, depending especially upon 
the proportions of silver and potassium and the temperature. 

Truszkowski and Zwemer, unable to obtain satisfactory results 
with precipitation at room temperature during the.summer heat, 
precipitated the salt overnight in an ice bath in the refrigerator; 
to prevent the precipitation of silver nitrite the silver concentra- 
tion of the precipitating reagent was reduced. Employing this 
technique, we have determined the nitrite concentration of the 
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precipitate from known amounts of potassium. The results are 
given in Fig. 1, Curve 1; alcohol was added before precipitation 
as in the present method in another series of determinations 
shown in Curve 2. In both curves the nitrite to potassium ratio* 
increases as the potassium concentration decreases, the silver re- 
maining constant. Reducing the silver concentration while that 
of potassium is kept constant results in a lower ratio, in harmony 
with the above facts. This is in accordance with the observations 
of Robinson and Putnam. However, Ismail and Harwood found 
no such discrepancy. 

The nitrite to potassium ratio in the precipitate formed at 20° 
in the present procedure is constant over a wide range of potassium 
concentrations (Fig. 1, Curve 3). This constancy, as confirmed 
in similar tests, is maintained fairly well at 15° and 25°. Never- 
theless, although the difference is less than 2 per cent, the ratio 
at 15° is slightly greater for low (0.04 mg.) than for higher (0.08 
mg.) potassium content, while at 25° the reverse is true. More- 
over, the nitrite to potassium ratio is higher at lower temperatures, 
being 4.06 at 15°, 3.87 at 20°, and 3.75 at 25° (with 0.08 mg. of 
potassium), all other conditions remaining constant. 

At 30° or above the ratio is significantly increased at the higher 
potassium concentrations. The ratio at 30° was found to be 3.74 
when 0.08 mg. of potassium was taken and 3.63 with 0.04 mg., 
while at 37° the nitrite to potassium ratios were 3.39 and 2.74, 
respectively. This is in contradistinction to the results at 0°, 
at which the higher ratio was obtained with the lower potassium 
concentration. Incomplete precipitation at the higher tempera- 
tures is suggested. The pivotal temperature appears to be 20°. 

Fairly accurate control of the amount of silver nitrate added 
in the preparation of the protein- and chloride-free filtrate appears 
necessary. However, a slight excess of either chloride or silver 
has no effect. Thus chloride values ranging from 450 to 850 mg. 
per 100 ml. (as NaCl) appear to be well tolerated when the amount 
of silver nitrate specified (18 mg. to 1 ml. of plasma or serum) is 
added. Beyond these limits it is well to increase or decrease the 

‘ The mole ratio of the nitrite concentration as determined by compari- 
son with standard sodium nitrite solution to potassium concentration 


taken for analysis 
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amount of silver nitrate added to the plasma as the situation de- 
mands. High values result if the silver nitrate concentration of 
the filtrate is much greater than 0.05 per cent, the value theoreti- 
cally obtained with the lower chloride limit mentioned above. 

The presence of the ammonium ion in the sample gives rise to 
high values. For example, a solution containing 20 mg. per cent 
of potassium and 1.8 mg. per cent of ammonia nitrogen (as ammo- 
nium acetate) showed a measured potassium value of 22 mg. per 
cent. Thus the results of Scudder, Corcoran, and Drew (8) per- 
taining to the effect of ammonia on the diffusion of potassium from 
erythrocytes should be accepted with reservation, since they failed 
to remove added ammonia from plasma samples before the deter- 


TABLE | 


Recovery of Potassium from Known Solutions 


Potassium taken Re. aoe R we a Maximum deviation 

mg. per cent mg. per cent mg. per cent 

50.0 t 49.5 19.2 -49.6 

10.0 3 10.0 39.5 -40.5 

25.0 4 24.6 24.4 -25.0 
22.5 2 22.5 

20.0 7 20.1 19.9 -20.3 
15.0 2 15.0 

9 10.0 9.85-10.13 


10.0 


mination of potassium by a silver cobaltinitrite method. Favor- 
able comparison of values on ashed and filtrate specimens indicates 
that the small amount of ammonia present in freshly drawn serum 
or plasma is insufficient to interfere. 


Results 


A series of determinations with known concentrations of po- 
tassium were carried out according to the present procedure. 
The results are given in Table I. It will be observed that the 
greatest error is 1.6 per cent. Thus a conservative estimate of 
the method’s accuracy is +2 per cent. 

It seemed desirable to carry out parallel determinations on 
plasma samples according to both the present procedure and a 
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chloroplatinate technique. For the latter, the method of Con- 
solazio and Talbott (9) was used after slight modification and 
verification with known potassium solutions. Determinations 
were made in duplicate. Table II indicates that the present 
method gives values slightly higher than those obtained with the 
chloroplatinate method. The variations are within the limits of 


TaB_e Il 
Comparison of Parallel Determinations of Serum Potassium by Chloro- 
platinate Method and Method Described 


The values are given in mg. per 100 cc. of serum. 

















Determination No. a —~ mo Method described 

la | 18.3 18.0 

Ib 19.1 18.3 

le 17.1 17.1 

2 16.1 16.3* 

3t 8.10 7.84* 

4a 17.0 17.2 

4b 16.7 16.8 

4c 18.7 19.2 

5a 22.9 23.4 

5b 23.3 24.1 

5e 25.5 25.6 

6a 15.5 15.4 

6b 16.7 17.1 

6c 17.1 17.6 

bitin a ee: ares : ; a 

Average 18.0 18.1 


The three values for the same individual represent samples taken before, 
during, and after transfusion with preserved blood 

* Not in duplicate. 

t Diluted plasma of fresh blood. 


error of the methods but are consistent. The discrepancy can 
perhaps be ascribed to differences in treatment before precipita- 
tion; the chloroplatinate technique involves ashing, while in the 
present procedure protein-free filtrates are used. The fact that 
the values of ashed specimens as determined by the described 
method are generally 1 to 2 per cent lower than the corresponding 
filtrate values is in harmony with this suggestion. 
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yn- SUMMARY 


nd A procedure for the determination of potassium as potassium 
- silver cobaltinitrite has been described. In the temperature range 
me studied, it appears that 20° is the most favorable for precipitation, 
he since at that point the nitrite to potassium ratio remains constant 
< over a wide range of potassium concentrations. Water as a wash 
reagent has been replaced by a solution of water, alcohol, and ether. 
The method appears to be accurate within +2 per cent. 
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CHEMISTRY OF THE CHICK EMBRYO 


Il]. DISTRIBUTION OF DIPEPTIDASE IN THE CEPHALIC REGION 
OF THE THREE DAY EMBRYO* 


By ALBERT H. PALMER anp MILTON LEVY 


(From the Department of Chemistry, New York University College of Medicine, 
New York) 


(Received for publication, August 3, 1940) 


During the early stages of incubation the cephalic region of 
the chick embryo increases in weight much more rapidly than does 
the body. It has been suggested (3) that the weight accumulation 
coefficient during the first phase of weight accumulation is largely 
related to the increase in cephalic tissue, increase in body tissue 
playing a minor réle. Quantitative information regarding the 
distribution of enzymes in this region should be of interest. The 
present paper deals with the distribution of alanylglycine dipep- 
tidase. 

Materials and Methods 


The source of eggs, incubation practice, and estimation of di- 
peptidase have been described (3, 5). 

Because we wished to estimate an enzyme in microtome sections, 
ordinary methods of fixing, staining, and imbedding could not be 
used; neither did we find it possible to remove frozen sections from 
the knife for tissue measurements. We observed, however, that 
while the embryo was being cut on the microtome, the boundaries 
between the various parts of the embryo were clearly visible on 
the freshly cut surface of the ice block. We developed the follow- 
ing technique for obtaining a record of the distribution of each 
kind of tissue in the sections. 


* Aided by a grant from the National Research Council. 

Presented in part before the American Society of Biological Chemists at 
Baltimore (Levy, M., and Palmer, A. H., Proc. Am. Soc. Biol. Chem., 
J. Biol. Chem., 123, p. xe (1938)). 
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A microscope tube was mounted on the knife carriage of a 
clinical freezing microtome. The mounting was adjustable in the 
horizontal plane, so that the microscope could be set over any part 
of the freezing stage and the regular rack and pinion adjustments 
of the microscope were retained. A Zeiss Miflex camera was 
mounted on the microscope with a roil film carrier, enabling us 
to take sixteen pictures on a roll of No. 127 Panatomic film. The 
entire microscope and camera moved with the knife and were set 
so that the microscope was above the specimen on the extreme 
back position of the knife. Illumination was provided by a 200 
watt lamp through a condenser and CuS0Q, filter solution. The 
light impinged at an angle of about 30° on the cut surface. With 
the 32 mm. objective ordinarily used, we found 0.5 second ex- 
posure to be adequate. After the specimen had been frozen in 
position and the surface cut to some initial point, the microscope 
was brought to position and focused. (A magnifying focusing de- 
vice is much more satisfactory than the usual ground glass plate.) 
The microtome was operated until the initial point desired was 
reached and an exposure was made immediately after cutting the 
surface; delay allowed the accumulation of*frost which obscured 
the picture. The next forward movement of the knife cut the 
desired section. 

Preparation and Mounting of Specimen—Embryos were removed 
from the egg as previously described (3). All embryonic mem- 
branes except a small strip caudally were cut away. 

A cylinder of tin-foil was prepared by rolling a narrow strip 
on an 8 mm. vaselined glass rod and fastened together with a bit 
of Scotch tape. The cylinder was set upright on the microtome 
stage and a few drops of 0.05 per cent methylene blue in 0.9 per 
cent NaCl placed in it. This was frozen and served to hold the 
cylinder in place during subsequent operations. The use of meth- 
ylene blue in the mounting fluid sharpened the outline of the 
embryo and reduced subsurface reflections in the ice. It did not 
interfere with subsequent dipeptidase estimations. 

The embryo was washed with the same methylene blue saline, 
lifted by the bit of membrane remaining, and, if properly prepared, 
oriented in a vertical position with the head down. It was care- 
fully lowered into the cylinder and held by one operator while the 
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other added methylene blue saline and operated the CO, valve 
so that the embryo was frozen within the tin-foil cylinder imbedded 
in ice. The tin-foil was stripped off. Unwanted sections of the 
embryo were cut and discarded. If transverse sections were 
wanted, cutting and photographing were continued without change 
of position. If sagittal or frontal sections were required, the ex- 
posed transverse section was photographed for orientation, a flat 
side shaved on the ice cylinder, and the cylinder broken free from 
the stage. It was then refrozen to the stage on its flat surface. 
After readjustment of the microscope and camera, sectioning was 
continued. Our general practice was to discard every other sec- 
tion. At the end of each run a photograph of a mm. scale was 
made without changing the setting. This served as a measure 
of magnification. The sections were always 0.05 mm. thick. 
The section melted almost immediately after cutting. The 
drop of material representing the section was picked up with a 2.5 
mm. circle of filter paper held in forceps designed for removing 
foreign objects from the external ear canal. The paper circles 
were cut with a saddler’s punch. The paper took up all of the 
material cut and was then transferred to a tube containing 8.5 
c.mm. of 30 per cent glycerol. From this point the estimation 
of dipeptidase activity followed the usual procedure. From the 
data the activity of each section was calculated and converted 
to dipeptidase units. Blanks were obtained by using sections at 
regular intervals with addition of acid before substrate. Inter- 
mediate blanks were estimated by interpolation between these. 
Estimation of Amounts of Tissue—Projection prints of the nega- 
tives and the scale were made. The outlines of the various tissues 
were marked on this and their areas measured with a planimeter. 
Comparison with a measured area on the scale allowed the cal- 
culation of the volumes of each kind of tissue, ectoderm (£), 
mesenchyme (M), and cephalic fluid (C), from the areas and the 
thickness of the sections (0.05 mm.). These volumes were plotted 
against section number and a line drawn through the points as in 
Fig. 1 (lower curves marked E, M, C). The volumes of tissue 
present in each section used for dipeptidase were read from these 
diagrams at a point half way through the section. We thus had 
measurements of the volumes of ectoderm, mesenchyme, and ce- 
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phalic fluid as well as the amount of dipeptidase in each section, 
Fig. 1 illustrates the data obtained by different directions ofsee- 
tioning. 























Fic. 1. The figures on the abscissa represent the numbers of the sections; 
the ordinates represent dipeptidase units per section (upper curves), or 
c.mm. of tissue per section (lower curves); E ectoderm, M mesenchyme, C 
cephalic fluid. The numbers in the upper left-hand corners are the num- 
bers of the embryo in Table I. The dots are experimental values. The 
dash curves are calculated from U = f,E + f.M, as defined in the text. 
The direction of sectioning was sagittal (Embryos 2 and 4), frontal (Em- 
bryo 10), or transverse (Embryo 13) 


DISCUSSION 


As a hypothesis for the treatment of the data we assume that 
each type of tissue has a characteristic enzyme concentration. 
This assumption leads to the equation, U = fiE + f.M + fil, 
where U is the total enzyme in units and E, M, and C are the 
volumes in c.mm. of ectoderm, mesenchyme, and cephalic fluid, 
respectively, in each section, and fi, fe, fs are characteristic concen- 
trations of dipeptidase in units perc.mm. Direct study of isolated 
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cephalic fluid showed f; to be 0. It had no enzyme, nor did it in- 
hibit or activate an enzyme extract. The equation reduces to 
U =fiE + f.M. Estimation of f; and fe is more difficult. No 
sections could be obtained in which only one kind of tissue was 
present in significant quantities. It becomes necessary to solve 
the series of simultaneous equations for each embryo for f; and 
fz. This can be done by use of the method of least squares. How- 
ever, the result will be vitiated by the presence in the series of 


TABLE | 
Distribution Constants of Dipeptidase in Chick Embryo Heads 


Embryo Direction of sm fy fe Average per a 
No. sectioning —— . . section sestion 
units per unils per 
| c.mm. c.mm. 

] Sagittal 0.56 954 273 86 +9 

2 ss 0.39 | 916 255 72 +8 

3 0.53 1135 358 75 +10 

4 0.45 617 341 80 +9 

5 = 0.61 597 367 66 +7 

6 S 0.68 753 | 368 73 +12 

7 Frontal 0.29 | 1109 202 72 | +10 

8 = 0.40 990 225 81 +5 

9 _ | 0.28 | 1244 | 153 74 | +10 

10 - | 0.14 | 1233 225 83 +6 

11 | Transverse 0.84 353 640 8% | +7 

12 B 0.78 | 476 470 68 +9 

13 - | 0.84 | 1045 283 8% | +9 

14 _ 0.80 575 420 78 | +23 
— | ied a es 

Average, Embryos 1-10 955 | 277 | 


sections of proportional amounts of ectoderm and mesenchyme. 
This proportionality can be judged by means of the correlation 
between E and M. If the correlation is perfect, i.e. the correla- 
tion coefficient is 1, then the data are not suitable for effective 
characterization of f; and f,. If the correlation is low, a more 
or less accurate differentiation of f; and fg can be made. In trans- 
verse sections we find the correlation coefficient to be high, 0.78 
to 0.84; in frontal sections it is low, 0.14 to 0.40; and in sagittal 
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sections, intermediate, 0.39 to 0.68. With this in mind, we have 
excluded from the averages all the transverse sectionings. 

Table I shows the values of fi, fe, and correlation coefficient 
between E and M in each embryo head as well as the average U 
per section and the probable error of the calculated values. In 
Fig. 1 the caleulated values of U obtained from the factors and E 
and M of each section are shown. 

The averaged values of f; and fe (Table I) show that the concen- 
tration of dipeptidase is about 3 times as great in ectoderm as in 
mesenchyme. While we know that cells in the ectoderm are more 
closely packed than in the mesenchyme, we cannot at this time 
form an opinion as to whether f; and fe are proportional to the cell 
concentrations in the respective tissues. Changes in the factors 
during development may serve as a clue to the metabolic tools and 
processes of the various types of tissue. 

With marine ova Holter, Lanz, and Linderstrém-Lang (1) have 
shown that the first three cleavages are unaccompanied by change 
in the total dipeptidase and the resultant eight blastomeres con- 
tain one-eighth of the original dipeptidase each. Similarly, Holter 
and Lindahl (2) have shown that up to the pluteus stage in Para- 
centrotus lividus the enzyme concentration remains the same in 
the various parts of the embryo. The marine ova which have 
been studied represent a much earlier stage in development than 
our chick embryos, assuming comparability of the two kinds of 
embryos. As Linderstrém-Lang (4) remarks, differences in distri- 
bution must occur, because the dipeptidase is not equally distrib- 
uted in the grown animal. It may be that as long as growth 
occurs by division of the initial cell without increase of total sub- 
stance, each cell will have its proportion of the total dipeptidase 
originally present. When growth occurs by multiplication, with 
increase of substance, each new cell formed should have its com- 
plement of newly formed enzymes. 


SUMMARY 

Dipeptidase in the cephalic region of the chick embryo is distrib- 
uted in concentrations characteristic of each kind of tissue. Ee- 
toderm contains about 3 times the concentration of dipeptidase 
in mesenchyme and the cephalic fluid contains none of the enzyme. 
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THE ACTIVATION OF COCARBOXYLASE BY THIAMINE* 


By M. A. LIPTON anp C,. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, August 2, 1940) 


The discovery of the identity of cocarboxylase and thiamine 
pyrophosphate (1) has stimulated considerable research upon the 
distribution and function of this compound in biological materials. 
Such research requires a convenient and accurate method for the 
determination of this compound. The most widely used method 
is that in which cocarboxylase is determined by measuring its 
activity as the coenzyme for yeast carboxylase. Yeast washed 
with alkaline phosphate buffer is unable to decarboxylate pyruvic 
acid, but upon the addition of cocarboxylase and magnesium or 
manganese, activity is restored. Lohmann and Schuster (1) have 
described optimum conditions for the test and have demonstrated 
that the method is highly specific since neither thiamine nor 
thiamine monophosphate shows activity in this test. The assay 
procedure of Lohmann and Schuster has been employed by most 
workers who have studied the distribution of cocarboxylase or the 
mechanism of its synthesis from thiamine by yeast, animal, or 
bacterial enzymes (2-5). 

Recently, Ochoa and Peters (6) have shown that, although 
thiamine is inactive as the coenzyme for bakers’ yeast carboxylase, 
it nevertheless augments the activity of small amounts of cocar- 
boxylase. As a result of this finding, they consider previous 
methods for the quantitative determination of cocarboxylase to 
be invalid, particularly when free thiamine is present with co- 
carboxylase. Since thiamine is necessarily added to enzyme sys- 
tems in which the synthesis of cocarboxylase is being studied, 


* Published with the approval of the Director of the Wisconsin Agricul- 


tural Experiment Station. 
Supported in part by a grant from the Research Funds of the University. 
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Ochoa and Peters feel that the experiments of various workers 
(2-4) who have neglected to account for the stimulatory effect 
of thiamine upon cocarboxylase have been incorrectly interpreted. 

We have previously shown that cocarboxylase may be synthe- 
sized from thiamine by enzymes present in alkaline washed 
brewers’ yeast, provided that hexose diphosphate and boiled tissue 
extracts are present (2). In this work the amount of cocarboxylase 
present after synthesis was determined by the method of Lohmann 
and Schuster (1). The work has been criticized, therefore, on 
the grounds that the increased decarboxylation of pyruvic acid 
noted in our experiments was due not to the synthesis of cocar- 
boxylase, but rather to the activation of cocarboxylase present in 
our boiled tissue extracts by the thiamine which was added. 

Reference to our published data (2) shows that the phenomenon 
noted by the English workers was not observed in our experiments. 
Thus, when thiamine was added to a system capable of syn- 
thesizing cocarboxylase in the presence of an inhibitor of the syn- 
thesis (sodium iodoacetate), no increase in the rate of decarboxyla- 
tion of pyruvic acid occurred. Since iodoacetate has been shown 
to affect the synthesis but not the activation of cocarboxylase 
by thiamine (2, 6), it will be apparent that activation did not 
occur in our work. It was also shown (7) that an incubation 
period of 30 to 60 minutes was required for appreciable synthesis 
of cocarboxylase. Experiments in which thiamine was added to a 
system which could synthesize cocarboxylase showed that if the 
enzymes required for synthesis were inactivated immediately by 
boiling the amount of cocarboxylase measured by our method did 
not increase. These two experiments demonstrated that the 
activation of cocarboxylase by thiamine described by Ochoa and 
Peters (6) was absent in our work. 

Our experiments were performed before pure cocarboxylase was 
available. The chemical synthesis of cocarboxylase from thiamine 
(8) made it possible to test the question of activation directly.’ 
The results which we have obtained demonstrate that activation 
of cocarboxylase by thiamine is dependent upon the type of yeast 
employed. When brewers’ bottom yeast, which we have con- 
sistently employed in our experiments, is used as the source of 


‘ We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
for generous gifts of thiamine and synthetic cocarboxylase. 
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the enzyme, our previous results (2, 3, 7) may be confirmed, for 
little or no activation can be observed. However, in the presence 
of bakers’ yeast atiozymase, the observations of Ochoa and 
Peters (6) may readily be verified. Our observations upon the 
behavior of the two types of yeast are in accord with those of 
Lipmann (9) and Westenbrink and van Dorp (10). However, 
our data suggest a different mechanism for the activation of 
cocarboxylase by thiamine from that suggested by Westenbrink 
and van Dorp (10). 


Methods 


The methods which we employ have been described previously 
(2, 3, 7). Two samples of brewers’ bottom yeast obtained from 
local breweries have been studied. Three different samples of 
commercial bakers’ yeast have also been used. All of the fresh 
yeast samples were crumbled finely and dried rapidly at room 
temperature with the aid of a fan. The dried yeast was stored 
in the refrigerator. Atiozymase (alkaline washed yeast) was pre- 
pared by washing these yeasts in 50 volumes of 0.1 m Na,sHPO, 
buffer at room temperature for 6 to 10 minutes. In order to 
eliminate the possibility that the results obtained, particularly 
with the brewers’ yeast, were due to incomplete washing, we have 
varied the number of alkaline washes from two to five times. 
A final washing with water was always employed to remove the 
alkaline phosphate. The washed yeast was either suspended in 
buffer at pH 6.2 and used directly, or it was spread on a glass 
plate and dried rapidly with the aid of a fan. Dried atiozymase 
shows about 20 per cent loss in activity when stored at room 
temperature in a desiccator for a week. 

Magnesium, manganese, sodium pyruvate, sodium iodoacetate, 
and sodium fluoride were employed in the concentrations pre- 
viously described (2, 7). The experiments were conducted in 
either 0.1 m sodium and potassium phosphate, M/15 maleate, 
or M/15 succinate buffers, all at pH 6.2. In general, the metallic 
activators, inhibitors, coenzymes, substrate, and buffer as desired 
were added to the Barcroft vessel before the introduction of the 
atiozymase. Immediately after the addition of the yeast enzyme, 
the vessels were connected to the manometers, placed in the con- 
stant temperature bath, and equilibrated for 5 minutes. The 
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cocks were then closed and readings were taken at 10 minute 
intervals. 


Results 


A large number of experiments have been performed with atio- 
zymase prepared from bakers’ and brewers’ yeast in order to 
determine the activating effect of thiamine upon cocarboxylase. 
The difference between atiozymase preparations from bakers’ and 
brewers’ yeast may readily be observed in Table I. The results 
of twelve experiments with brewers’ yeast atiozymase under vary- 
ing conditions showed an average activation of only 10 per cent 
upon the addition of thiamine. Eight experiments with bakers’ 
yeast atiozymase show that the addition of thiamine to cocar- 
boxylase causes activation to the extent of 322 per cent. The 
magnitude of the difference between the two types of yeast with 
respect to activation by thiamine readily explains the conflicting 
results of our work (2, 3, 7) and that of Ochoa and Peters (6). 

Several interesting features of these experiments may be noted. 
First, it can be seen that the enzyme prepared from brewers’ 
yeast is more active than that made from bakers’ yeast. Second, 
the failure to achieve activation in the case of brewers’ yeast 
cannot be due to thiamine already present in the yeast, since 
bacterial assay of atiozymase Preparation 4A by the method of 
West and Wilson (11) shows the presence of less than 0.5 y of 
thiamine per gm. of atiozymase. Since only 100 mg. of enzyme 
are employed in these experiments, it is obvious that the amount 
of thiamine present is much too small to account for the failure to 
achieve activation. It may also be recalled that Lohmann and 
Schuster (1) and Hennessy and Cerecedo (12) have shown that 
little free thiamine is present in brewers’ yeast. 

On the other hand, the activation of cocarboxylase by thiamine 
in the presence of bakers’ yeast atiozymase cannot possibly be 
due to the phosphorylation of the thiamine to form cocarboxylase 
by the enzymes present in this alkaline washed yeast. The evi- 
dence for this is quite conclusive, for Ochoa and Peters (6) have 
shown that pyrimidine fragments of thiamine activate cocar- 
boxylase in a manner similar to that of the intact thiamine mole- 
cule. They have also shown that activation occurs in the pres- 
ence of iodoacetic acid. 
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TaBie I 
Relation of Bakers’ and Brewers’ Yeast Atiozymase to Activation 
of Cocarborylase by Thiamine 

1 gm. of bakers’ or brewers’ yeast was washed- as indicated with 50 
volumes of 0.1 m NazHPO, for 6 minutes each time, and then once with 50 
volumes of water. For the experiments with phosphate-free buffers two 
or three short washings with water followed the alkaline phosphate wash- 
ing. The washed yeast preparations were suspended in 10 cc. of buffer 
(pH 6.2) as indicated. Each Barcroft vessel contained 1 ec. of washed 
yeast suspension and standard quantities of sodium pyruvate, magnesium, 
and manganese. In addition, 1 y of cocarboxylase, sufficient thiamine to 
give maximum activation (10 to 100 y), 0.005 m sodium iodoacetate, and 
0.04 m sodium fluoride were added as indicated. 
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This observation has been confirmed by our work, and we have 
also shown that sodium fluoride does not inhibit thiamine activa- 
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tion (Table I). Each of these compounds effectively inhibits 
cocarboxylase synthesis under specific conditions (2, 3, 7). Final 
proof for the view that thiamine does not activate cocarboxylase 
by being converted into this compound may be seen from the fact 
that thiamine activates cocarboxylase even in the absence of 
inorganic phosphate. These experiments are particularly sig- 
nificant, for they emphasize the difference between the yeast 
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Fic. 1. The activation of cocarboxylase by 10 y of thiamine added to dif- 
ferent levels of cocarboxylase Curves I and II represent brewers’ yeast 
atiozymase with and without thiamine; Curves III and IV, bakers’ yeast 
atiozymase with and without thiamine. The usual amounts of atiozymase, 
Mg, Mn, and sodium pyruvate were added. Phosphate buffer, pH 6.2, 


was employed. 


carboxylase and the system for the oxidation of pyruvic acid by 
bacteria which requires inorganic phosphate (13). 

We have also attempted to secure activation of cocarboxylase 
by thiamine at lower levels of added cocarboxylase. Fig. 1 shows 
the activating effect of thiamine upon atiozymase preparations 
from brewers’ and bakers’ yeasts in the presence of varying 
amounts of cocarboxylase. Curves I and II show that at levels 
between 0.4 and 3.2 y of cocarboxylase thiamine shows no appre- 
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ciable activating effect with brewers’ yeast atiozymase. Other 
unpublished experiments show no activating effect at levels as 
low as 0.02 y of added cocarboxylase. Stimulation with thiamine 
in the presence of bakers’ yeast atiozymase is clearly shown in 
Curves III and IV. However, even in bakers’ yeast the ineffi- 
ciency of thiamine activation is apparent. Thus the rates of 
decarboxylation of pyruvic acid are approximately equal in the 
presence of 4.0 y of cocarboxylase, or 1.0 y of cocarboxylase and 
10 y of free thiamine. Data similar to these may be found in the 
work of Ochoa and Peters (6). The inefficiency of thiamine 
activation casts some doubt upon the in vivo significance of this 
phenomenon. 


TaBLe II 


Effect of Magnesium and Manganese upon Activation of Cocarborylase by 
Free Thiamine in Presence of Brewers’ Yeast Atiozymase 


Each flask contained standard amounts of atiozymase and pyruvic acid. 
1 y of cocarboxylase, 100 y of thiamine, 100 y of magnesium, and 100 y of 
manganese were added as indicated. 


COs, ¢.mm. per hr. 


" ; 7 ee ee eS ee a Per cent 
Experiment No. Ton ieihiaiitines | Cocarboxylase + | activation 
1 Mg 361 | 409 #=| 29.8 
Mn 731 815 11.3 
Mg + Mn 775 833 8.5 
2 Mg 460 542 17.0 
Mn 813 891 9.6 
Mg + Mn 765 844 10.4 


We have submitted a sample of our brewers’ yeast to Dr. Peters 
and Dr. Ochoa and have received from them data which appear 
to be only partially in agreement with our own. Under experi- 
mental conditions which appear to be identical with our own, they 
have reported to us three experiments with an average activation 
of cocarboxylase by thiamine of 43.1 per cent. In the absence 
of manganese, the activity of cocarboxylase is decreased, and the 
stimulatory effect of thiamine rises to 106 per cent. We have 
performed similar experiments (Table II) and find the average 
activation in the presence of magnesium to be 24 per cent. In 
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the presence of manganese, or of magnesium and manganese, the 
activation was approximately 11 per cent. 

It was considered possible that the differences in the behavior 
of our yeast in this and the Oxford laboratory might have been 
due to changes during shipment to England. A sample of dried 
yeast was therefore placed in an incubator at 37° for 2 weeks, 
Before storage under these conditions atiozymase prepared from 
the yeast showed CO, production of 654 c.mm. in 1 hour with 1 y 
of cocarboxylase, and 724 c.mm. with 1 y of cocarboxylase and 
100 y of thiamine. After storage atiozymase showed a value of 
392 c.mm. with cocarboxylase, and 524 c.mm. with cocarboxylase 
and thiamine. Storage caused a decrease in the total activity of 
the enzyme, while it raised the thiamine activation from 11 to 
34 per cent. It appears, therefore, that thiamine activation of 
cocarboxylase with brewers’ yeast atiozymase is augmented by 
conditions which decrease the total activity of the enzyme system. 
Storage, or the omission of manganese from the system, increases 
the degree of activation. 

Mechanism of Thiamine Activation of Cocarboxylase—The experi- 
ments already cited demonstrate that thiamine activation with 
alkaline washed bakers’ yeast cannot be due to synthesis of the 
vitamin to cocarboxylase. Westenbrink and van Dorp (10) have 
recently suggested that there is a phosphatase present in bakers’ 
yeast which can hydrolyze cocarboxylase. The activating effect 
of thiamine upon cocarboxylase, according to these workers, is 
due to the inhibition of the phosphatase action by one of the end- 
products of the hydrolytic reaction; namely, thiamine. Evidence 
against this view has already been presented in Table I, for 
thiamine activation occurs in the absence of inorganic phosphate, 
the other end-product of cocarboxylase hydrolysis. Both thi- 
amine and phosphate should be required to prevent cocarboxylase 
hydrolysis. Still further evidence against this view is available. 

Fig. 2 shows the rate of pyruvic acid decarboxylation plotted 
against time with different levels of cocarboxylase in the presence 
of bakers’ yeast atiozymase. It can readily be seen that at low 
levels of cocarboxylase the rate of decarboxylation of pyruvic 
acid is practically linear. With higher levels of cocarboxylase, 
there is a gradual decrease in velocity, owing presumably to the 
accumulation of appreciable quantities of acetaldehyde, which 
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Lohmann and Schuster have shown to be toxic to the enzyme (1). 
The fact that there is linear CO, production with low levels of 
cocarboxylase argues strongly against a decrease in the amount of 
cocarboxylase of the system as a result of phosphatase action. 

Since alkaline washed brewers’ yeast responds only to cocar- 
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Fic. 2. The rate of pyruvie acid decarboxylation at different levels of 
eocarboxylase. CO = cocarboxylase. The usual amounts of atiozymase, 
Mg, Mn, and sodium pyrtivate were added. Phosphate buffer, pH 6.2, 


was employed. 


boxylase, and is insensitive to the addition of thiamine, it seemed 
that we might add cocarboxylase to alkaline washed bakers’ yeast, 
both in the presence and absence of thiamine, and then determine 
the fate of this cocarboxylase by assaying the boiled bakers’ yeast 
atiozymase with alkaline washed brewers’ yeast in the usual 
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manner. We, therefore, added | y of cocarboxylase, and the usual] 
quantities of magnesium and manganese to 100 mg. of alkaline 
washed bakers’ yeast, and after aerobic incubation at 30° for 
various periods of time, we boiled the yeast for 5 minutes and 
determined the cocarboxylase present in an aliquot, using brewers’ 
yeast atiozymase. Similar experiments were performed with the 
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Fic. 3. The recovery of cocarboxylase incubated at 30° with alkaline 












































washed bakers’ yeast for various time periods. Curve I, 1 y of cocarboxy- 
lase and 50 of thiamine were incubated together; Curve II, 1 y of cocar- 
boxylase was incubated alone. The assay was performed by adding sodium 
pyruvate and 100 mg. of brewers’ yeast atiozymase to the boiled bakers’ 


yeast. 


addition of 1 y of cocarboxylase and 50 y of thiamine to the bakers’ 
yeast enzyme. The results are shown in Fig. 3. When cocar- 
boxylase and thiamine were incubated together with the bakers’ 
yeast atiozymase, no change in the cocarboxylase content occurred 
with time. But when cocarboxylase was incubated alone with 
the bakers’ yeast, a gradually increased recovery of cocarboxylase 
occurred with increasing length of incubation. 
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The smallest recovery of cocarboxylase was obtained when the 
bakers’ yeast enzyme was boiled immediately after the addition 
of cocarboxylase. The few seconds required for this procedure 
seem much too short to permit enzyme action as a cause of the 
disappearance. Likewise, the reappearance of the cocarboxylase 
as a result of incubation cannot be due to resynthesis of cocar- 
boxylase produced by immediate hydrolysis of the added cocar- 
boxylase, because alkaline washed yeast lacks the other coenzymes 
necessary for cocarboxylase synthesis (2, 7). 

Any explanation of these results must consider two facts; first, 
that the apparent rapid disappearance of cocarboxylase is pre- 
vented by thiamine; second, that the cocarboxylase reappears 
with time under conditions in which the reappearance cannot be 
due to resynthesis. It seemed most likely that these results were 
due to the ability of the bakers’ yeast to bind cocarboxylase in 
such a manner that even after 5 minutes in a boiling water bath, 
the added cocarboxylase was not available to the brewers’ yeast 
enzyme. Since thiamine was present in a large excess, it might 
prevent this binding by being itself adsorbed. The increased 
recovery with incubation suggested that changes in the bakers’ 
yeast atiozymase upon incubation might be the mechanism for 
the release of the bound cocarboxylase. 

In an effort to test this hypothesis, further experiments were 
devised. 1 y of cocarboxylase was added to unboiled bakers’ 
yeast atiozymase and to the same atiozymase which had been 
boiled for 7 and for 15 minutes. After incubation for 5 minutes, 
pyruvic acid and alkaline washed brewers’ yeast were added and 
the rate of CO, production was measured. Similar experiments 
with cocarboxylase and thiamine added together were also per- 
formed. The results are shown in Table III. It can be seen 
that the ability of the bakers’ yeast atiozymase to bind cocar- 
boxylase in such a manner that the coenzyme is unavailable to 
the brewers’ yeast enzyme is largely destroyed by 15 minutes in a 
boiling water bath. In the presence of thiamine, however, the 
cocarboxylase is available to the brewers’ yeast enzyme, even when 
it has been added to the unboiled bakers’ yeast. enzyme. 

Another experiment of interest in this connection is shown in 
Table IV. If cocarboxylase is added first to the brewers’ yeast 
enzyme, and then unboiled bakers’ yeast atiozymase is added, 
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there is no inhibition of decarboxylation. On the other hand, if 
the cocarboxylase is added first to the bakers’ yeast, and then the 
brewers’ yeast is added, there is considerable inhibition, which, 
as in the previous experiment, is released by the addition of thi- 
amine in addition to cocarboxylase. This experiment also shows 


Taste III 
Effect of Boiling upon Binding of Cocarbozylase by Bakers’ Yeast Atiozymase 
i y of cocarboxylase was added to 100 mg. of bakers’ yeast atiozymase 
unboiled, boiled 7 minutes, and boiled 15 minutes, in the presence of Mg 
and Mn. After 5 minutes incubation brewers’ yeast atiozymase and 
pyruvic acid were added. The control flask contained only brewers’ 
yeast atiozymase and cocarboxylase. 


CO: 
| c.mm. per hr, 

Control 164 
Unboiled bakers’ yeast atiozymase + cocarboxylase 137 
Same + 50 y thiamine 440 
Bakers’ yeast atiozymase boiled 7 minutes + cocarboxylase 372 
Same + 50 y thiamine 470 
Bakers’ yeast atiozymase boiled 15 minutes + cocarboxylase 414 
Same + 50 y thiamine 456 


TABLE IV 
Binding of Cocarborylase by Bakers’ and Brewers’ Yeast Atiozymase 
1 y of cocarboxylase was added to 100 mg. of alkali-washed brewers’ 
and bakers’ yeast respectively. After 5 minutes the other yeast and 
pyruvic acid were added and CO, production was measured. 


Original yeast Yeast added at 5 min. CO: 

c.mm. per hr 
Brewers’ 298 
- Bakers’ 268 
Bakers’ Brewers’ 118 


" + 50 y thiamine 7 288 


that the phosphatase of bakers’ yeast, if present, has no effect 
upon cocarboxylase which has been adsorbed on brewers’ yeast 
atiozymase. The results are best explained by considering that 
cocarboxylase which has been adsorbed on the brewers’ yeast 
enzyme is retained with sufficient tenacity to prevent its being 
affected by the addition of bakers’ yeast. 
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DISCUSSION 


Our results have demonstrated that the activation of cocar- 
boxylase by thiamine, first noted by Ochoa and Peters (6), is 
dependent upon the type of yeast employed. Brewers’ yeast 
shows little activation, while bakers’ yeast exhibits a strong 
activation effect. The failure to achieve activation with brewers’ 
yeast is not due to thiamine already present in the alkaline washed 
yeast, for bacterial analysis of the atiozymase shows insignificant 
amounts of thiamine to be present. Brewers’ yeast can be made 
to show some activation by processes which decrease the total 
activity of the enzyme system. Such procedures include the 
omission of manganese, or aging the yeast at 37°. 

With bakers’ yeast it has been shown that the activation phe- 
nomenon is not due to synthesis of the added thiamine to cocar- 
boxylase, for activation occurs in the absence of inorganic phos- 
phate, in the presence of inhibitors of cocarboxylase synthesis, 
and, as shown by Ochoa and Peters, in the presence of fragments of 
the thiamine molecule. Nor can the explanation proposed by 
Westenbrink and van Dorp (10), that the thiamine effect is due 
to the inhibition by the vitamin of a phosphatase capable of 
splitting cocarboxylase, be considered tenable, for our experiments 
demonstrate that under our conditions cocarboxylase is not de- 
stroyed by bakers’ yeast atiozymase. Our experiments suggest 
that there is a heat-labile substance present in bakers’ yeast which 
adsorbs cocarboxylase without the production of an active en- 
zyme. The activating effect of thiamine upon cocarboxylase 
appears to be due to the fact that the large excess of thiamine 
needed for maximum activation can saturate this material and so 
permit the adsorption of the cocarboxylase upon the active apoen- 
zyme. ‘This hypothesis is in accord with all observations upon the 
nature of this activation performed in this and other laboratories. 
Thus, it is in accord with the observation of Lipmann (9), Westen- 
brink and van Dorp (10), and ourselves (unpublished work) that the 
excess thiamine activates cocarboxylase only when it is added to 
the bakers’ yeast enzyme before or simultaneously with the cocar- 
boxylase. If cocarboxylase is added first, and thiamine added a 
few minutes later, activation does not occur. 

The nature of this material is not yet known. However, the 
heat lability of the material suggests that it is protein. The fact 
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that bakers’ yeast is grown under highly aerobic conditions, 
coupled with the observation of Greenberg and Rinehart (14) 
that reducing agents also activate bakers’ yeast atiozymase, sug- 
gests that the substance which adsorbs the cocarboxylase might 
be an oxidized and therefore inactive form of the enzyme. 

Our data are difficult to reconcile with those of Westenbrink 
and van Dorp. Experience with the variability exhibited by dif- 
ferent types of yeast makes it possible that the activation phe- 
nomenon in the presence of English bakers’ yeast is properly in- 
terpreted as being due to thiamine inhibition of cocarboxylase 
hydrolysis. However, the yeast employed by Westenbrink and 
van Dorp appears to be identical with our bakers’ yeast in all other 
respects. A more likely explanation therefore, may be that Wes- 
tenbrink and van Dorp have employed 5 times as much cocar- 
boxylase in their experiments as we have in our work. We have 
chosen the low level of cocarboxylase employed in these experi- 
ments so that all of the added cocarboxylase might be adsorbed 
upon the enzyme surface. Experiments upon the synthesis of 
cocarboxylase by bakers’ yeast enzymes have shown that less 
than 5 y of cocarboxylase can be synthesized by 100 mg. of alkaline 
washed bakers’ yeast. Since the degree of synthesis is limited by 
the amount of specific apoenzyme which binds the cocarboxylase 
(3, 15), it seems likely that Westenbrink and van Dorp have em- 
ployed an excess of cocarboxylase. In view of the small degree 
of dissociation between the coenzyme and apoenzyme at pH 6.2, 
it seems possible that bakers’ yeast phosphatase may hydrolyze 
free cocarboxylase but not that which is bound to the apoenzyme. 
The data of Westenbrink and van Dorp give no indication of the 
amount of cocarboxylase which has been hydrolyzed in their ex- 
periments. It may also be noted that their phosphatase is re- 
markably active in the absence of metallic activators like mag- 
nesium or manganese, since alkaline washed yeast contains little 
of these metals (1). 


SUMMARY 


1. The activation of cocarboxylase by thiamine has been shown 
to depend upon the kind of yeast employed in the test. Bakers’ 
yeast shows this phenomenon strongly; brewers’ yeast exhibits 
it only to a very minor degree. 
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2. The mechanism of thiamine activation of cocarboxylase has 
been investigated. It is suggested that there is a heat-labile 
material present in bakers’ yeast which can adsorb cocarboxylase 
without the production of an active enzyme. The addition of 
excess thiamine saturates this material and thus permits the ad- 
sorption of the cocarboxylase upon the active apoenzyme. 
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KETONIC STEROIDS 
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From available data concerning the scope of Heyrovsky’s polaro- 
graphic method of analysis' it would appear that in the field of the 
sex hormones any application of the method in its present form 
probably would be limited to the study of those ketonic steroids 
having an ethylenic double bond in conjugation with the carbonyl] 
group. To produce a characteristic cathodic wave, an organic 
compound must possess one or more functional groups rendering 
it capable of undergoing electroreduction at the dropping mercury 
electrode at a potential within the range limited by the discharge 
potential of the most readily reduced ion of the electrolyte mixture 
employed to carry the diffusion current and to provide buffer 
action. The only hormones offering any possibility for polaro- 
graphic reduction are those which are ketonic, and studies of 
simple ketones by Winkel and Proske (4) and by Adkins and 
Cox (5) have shown that reduction of the carbonyl group occurs 
in the measurable range of potential only if this group is activated 
by an adjacent double bond, as in the a,§-unsaturated ketones 
with the system So=c—0=0. This structural characteristic 
is found in testosterone, desoxycorticosterone, and progesterone, 
and in view of the importance of these hormones and the interest 
in their determination the application of the polarograph to the 
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' For references, and for discussions of the principles of the polarographic 
method and its applications in organic chemistry, see the review papers 
by Kolthoff and Lingane (1), Miller (2), and Winkel and Proske (3). 
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hormone field would seem worth while even if limited to this 
type of substance. 

Before installation of the apparatus required for the present work, 
preliminary trials kindly carried out by Professor H. Adkins and 
Dr. R. H. Baker had definitely established that the A‘-unsaturated 
3-ketosteroids are indeed determinable with the use of the dropping 
mercury electrode. Since then a paper by Eisenbrand and 
Picher (6) has appeared presenting full data on this point and 
showing that the saturated ketonic hormones are indifferent and 
do not interfere with the determination of the a,8-unsaturated 
ketones. While some additional observations on the behavior of 
these compounds will be recorded below, the principal outcome of 
this investigation is the development of a method for the polaro- 
graphic characterization of saturated as well as unsaturated 
ketones of the hormone series. It occurred to us that such sub- 
stances might be brought within the measurable range in one of 

\ 


\ 


i 


densation with a suitable amine derivative might prove more 


two ways. Either the (~C==N— linkage resulting from a con- 


readily reducible than the original {C=O group, or a reagent 


might be found, capable of fixation to either the carbonyl or the 
alcoholic group of the hormone, having a second functional group 
to lend adequate reducibility to the derivative as a whole. The 
initial trial prompted by the first consideration proved so promising 
that work along the second line has been deferred for the present. 

The nitrogen derivative found satisfactory is obtained by con- 
densation of the ketone with Girard’s reagent (7), more specifically 
Reagent T (trimethylacethydrazide ammonium chloride). Thus 
androsterone reacts very rapidly with the reagent to give a deriva- 
tive having an ionic ammonium salt group which renders the 
substance soluble in water. The reagent has been used exten- 
sively for the separation of ketonic from non-ketonic steroids in 
the course of the isolation of hormones from urinary extracts (7) 
and from preparative reaction mixtures (8), and also in a refine- 
ment and extension of the colorimetric assay of urinary andro- 
gens (9). While androsterone itself is completely indifferent to 
the polarographic diffusion current in the range studied, the Girard 
derivative, when investigated in an aqueous buffer solution under 
suitable conditions, gives a well defined polarographic curve or 
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wave. Fortunately the Girard reagent itself discharges at such a 
distinctly higher level (more negative potential) that the presence 
of uncombined reagent does not inferfere with the polarographic 
characterization of the condensation product. Thus an extract 
of unknown hormone content can be prepared for polarographic 
analysis very easily and rapidly by short heating with an excess 
of Girard’s reagent in acetic acid, and subsequent addition of 
ammonium chloride and of enough sodium hydroxide to give a 
sodium acetate-acetic acid buffer of the required pH. 

The method of polarographing the Girard derivative has been 
found applicable to a number of ketonic steroids, and interesting 
indications of specificity of analysis have been encountered in the 
course of exploring the possibilities for the utilization of the 
method in determining hormones in urinary or tissue extracts. 
In this paper the applicability of the method is illustrated by its 
use in the determination of urinary androgens. 


Apparatus 


The electrical equipment consisted of a Leeds and Northrup 
Electro-Chemograph, including a polarizing unit, an electronic 
amplifier, and a recording potentiometer (Micromax), which draws 
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a line in ink constituting a permanent record of the polarogram. 
For convenience in operating and reading the dials of the polarizer, 
this was mounted on its side in a slightly tilted wooden casing 
which also served to support an auxiliary plug type resistance box 
housing the external shunts furnished with the apparatus. The 
motors driving the recorder chart and the slide wire mechanism 
of the polarizer were synchronized to a chart speed of 36 inches 
per hour. In our experiments the following different shunts were 
used to vary the galvanometer deflection and provide different 
sensitivities: A, 10 scale divisions (2.54 cm.) = 4 microamperes; 
B, 10 scale divisions = 2 microamperes; C, 10 scale divisions = 
1 microampere; D, 10 scale divisions = 0.5 microampere. 

The ordinates of the recorder curves or polarograms represent 
the applied potential, each division being equivalent to 0.1 volt. 
The abscissas, with 100 divisions for the scale deflection of 10 
inches, indicate the diffusion current, to be read in terms of a 
given number of microamperes per division according to the shunt 
used. The resistance box mounted as described above provided 
a convenient arrangement for the necessary frequent interchange 
of shunts. 

The assembly of the dropping mercury electrode and cell 
adopted for the present work after trial of a number of other types 
is shown in Fig. 1. A leveling bulb, constituting a mercury 
reservoir and provided with a platinum wire supported through 
the opening for establishing electrical contact through a clip con- 
nector and a copper cable, was connected by means of a sulfur-free 
gum rubber tubing to a burette form tube calibrated in mm. and 
serving for the reading of the mercury level. Connection to the 
reservoir was made through a side tube sealed on above the stop- 
cock. The stop-cock was of the grease-free type (Nolub, 1 mm. 
bore, Scientific Glass Apparatus Company) and its plug was 
secured against the mercury pressure by means of a pair of inter- 
locking brass plates held by rubber bands. With a stop-cock at 
this point the mercury can be held in reserve until a measurement 
is to be made. When the burette is first filled, the stop-cock is 
loosened enough to allow a film of mercury to spread over the 
ground surfaces and act as a lubricant. In operation, mercury is 
allowed to flow at a rate of 14 seconds per drop. The capillary 
tip for the delivery of drops of mercury to the cell was attached 
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to the burette tube by means of a standard taper 10/18 ground 
joint held in place by rubber bands attached to a hooked wire 


loop around the lower joint and extending over the stop-cock. 





Fic. 1. Dropping mercury electrode and cell assembly 
pI ; : 


Details of the construction of the cell are given in Fig. 2. The 
cell was made from a weighing bottle with a ground glass cap of 
standard commercial specifications designated as “height 50 mm., 
inside diameter 15 mm., standard taper 19/10” (Scientific Glass 
Apparatus Company; see the actual dimensions given in Fig. 2). 
The ground glass cap was fitted with one opening for the loose 
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insertion of the tip of the dropping mercury electrode and with 





another, consisting in a standard taper joint, to accommodate a 
tube extending to the bottom of the cell and constituting a nitro- 
gen inlet tube as well as providing for electrical connection to the 
mercury anode. The platinum wire to make contact with the 
pool of mercury in the cell was electrically Spot-we Ided to a tung- 
sten rod carrying a welded-on copper cable? to which electrical | 


connection was made with a spring clip. Several caps and elee- 
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Fic. 2. Construction of the cell 
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= 


trode assemblies were constructed and used interchangeably with 
the commercially available weighing bottles. The tube carrying 
the anode wire was provided with two inlets for nitrogen, one for 
deaerating the solution prior to a measurement and the other for 
passing nitrogen over the solution during a measurement or during 

\ suitable tungsten-copper union may be obtained from the Callite 
Products Company, Union City, New York, under the specification 0.030 


inch (0.76 mm.) Kulgrid C stranded tungsten weld. 
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any period subsequent to deaeration when protection from air was 
desired without undue evaporation. The nitrogen could be 
directed to either inlet by manipulation of a 3-way stop-cock. 
The gas taken from a high pressure cylinder of prepurified nitrogen 
was led through two wash bottles containing Fieser’s solution (10), 
one charged with lead acetate solution, and one of water. A slight 
pressure was maintained in the train and the flow of purified 
nitrogen to the cell was regulated by means of a small needle valve. 

Reagents and Hormone Samples— 

Mercury. c.P. reagent quality mercury was used without 
further purification. 

Water. Distilled water was redistilled in an all-glass apparatus. 

Isopropanol. Eastman Kodak Company material was care- 
fully distilled through a 1 meter column and the fraction boiling 
at 82.3-82.5° selected. 

Acetic acid. This was purified by redistillation from potassium 
permanganate. 

Tetraethylammonium hydroxide. The reagent was prepared 
from tetraethylammonium bromide and silver oxide by the pro- 
cedure of Peracchio and Meloche (11). 

Girard’s reagent (T) was prepared by the method of Girard 
(7, 12) and purified by two recrystallizations from absolute alcohol. 
Material which has been stored for several months should be 
recrystallized before use. 

The melting points and sources of the hormone samples used 
are indicated in Table I. We are greatly indebted to Dr. O. 
Wintersteiner for the samples of rare cortical steroids, to Dr. Erwin 
Schwenk of the Schering Corporation for a generous supply of 
pregnenolone, and to Dr. Talbot and Dr. Friedgood for the use of 
samples obtained for colorimetric studies. 

Desoxycorticosterone, m.p. 139-141°, corrected, was obtained 
by hydrolysis of the acetate according to Reichstein and von 
Euw (13). Standard methods were employed for the preparation 
of cholestanone (14), m.p. 128-129°, corrected, cholestenone (15), 
m.p. 78.5-80.5°, corrected, and coprostanone (16, 17), m.p. 60.5- 
61.5°, corrected, except that in the last case palladium-barium 
sulfate was employed as the hydrogenation catalyst. A sample of 
pure A'-cholestenone hydrate, m.p. 107—108°, corrected, was kindly 
supplied by Dr. R. P. Jacobsen (18). 
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Girard Derivative of Cholestanone (Cholestanone Betaine Hydra- 
zone Chloride)—A suspension of 0.2 gm. of cholestanone and 
0.087 gm. of Girard’s reagent (T) in 0.5 cc. of glacial acetic acid 
was warmed for 10 minutes on the steam bath and the resulting 
solution was evaporated to dryness under reduced pressure at 
100°. The solid residue on three crystallizations from methanol- 


TABLE I 


Source and Properties of Hormone Preparations 


Compound | M.p., corrected Source 
°C. 

Androsterone 183-184 Ciba Pharmaceutical 

Products, Inc.* 
Isoandrosterone 172-173 ™ ol 
Testosterone 153-154 = werk 
Dehydroisoandrosterone 149-151 Schering Corporationt 
Desoxycorticosterone acetate 159-160 a ote 
Progesterone | 126-127 - ssh: 
Estrone 257-258 4 sea 
A®-Pregnenol-3-one-20 184-186 .5 * 
Corticosterone 182 Dr. O. Wintersteiner 


17-Hydroxydehydrocorticoster- 
one (A‘-pregnenediol-17 , 21- 
trione-3, 11,20; Substance F) 208 
* Supplied to Dr. N. B. Talbot. 
t Supplied to Dr. H. B. Friedgood. 


acetone afforded colorless microcrystals of the monohydrate melt- 
ing at 233-234°, corrected, with decomposition. 


Analysis—Cy,HgON;Cl-H,0. Calculated. C 68.91, H 10.83 
Found °° 68.38, ** 10.83 


Dehydrotsoandrosterone p-Nitrophenylhydrazone Acetate—A mix- 
ture of 0.1 gm. of dehydroisoandrosterone acetate, 0.5 gm. of 
p-nitrophenylhydrazine, and 0.5 cc. of glacial acetic acid was 
warmed at 100° for 5 minutes and the resulting stiff paste was 
stirred with 5 cc. of alcohol and the light yellow, crystalline product 
collected and washed with alcohol. On crystallization from a 
rather large volume of isopropanol the substance formed fine yellow 
needles, melting with decomposition at 291-292°, corrected. 

Analysis—C2;Hy,O,N;3. Calculated. C 69.65, H 7.58 

Found. ** 60.55, ** 7.57 
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Investigation of 17-Ketosteroids 


The procedure detailed below for the preparation and polaro- 
graphic analysis of a solution of the Girard derivative of a ketone 
was developed after numerous trials of a largely empirical nature 
and on the basis of certain observations and considerations which 
will be brought out in the subsequent discussion. This procedure 
was worked out with particular reference to the determination of 
urinary androgens and companion ketones. 

Standard Procedure—A suitable volume of a known solution of 
a pure hormone (usually 1 mg.) in isopropanol,* or a volume of 
alcoholic extract containing the non-phenolic hormone fraction 
equivalent to 50 cc. of urine, is placed in a 12 X 75 mm. Pyrex 
test-tube and evaporated to dryness under diminished pressure 
(water pump vacuum). The process can be conducted without 
bumping of the liquid by first allowing the solution to become 
chilled by evaporation at room temperature and then warming the 
tube gently in a water bath while the liquid is rocked to and fro. 
The usually oily residue is treated with 0.05 cc. of a fresh solution 
of 100 mg. of Girard’s reagent in 1 cc. of glacial acetic acid,‘ 
measured with a 0.10 cc. pipette, and the test-tube is rotated to 
insure mixing. The tube is then closed with a cork stopper, im- 
mersed in a water or stéam bath at 100°, and heated for 2 minutes. 
The sample is then cooled, diluted with 0.95 cc. of purified water, 
and thoroughly mixed. A 0.25 cc. portion’ of the solution is 
measured promptly with a 1 cc. pipette into the cell, followed by 
0.50 ec. of 0.50 N ammonium chloride solution and 0.625 cc. of 
0.20 n sodium hydroxide solution. The solution is made up to 


* In the case of the rarer specimens a 1 to 2 mg. sample was weighed 
accurately to 1 to 5 y on a microbalance and treated with sufficient meas- 
ured solvent to give a solution of 2mg. perce. By employing isopropanol 
as solvent, the same solutions could be used for polarographic analysis in 
the absence of Girard’s reagent. 

‘It is recommended that the solution be made up daily, or as needed. 
Satisfactory determinations have been made with 2 day-old solutions, 
but deterioration was evident after longer periods of storage. 

5 The remaining 0.75 cc. of aqueous solution of the Girard derivative is 
kept in reserve for a time in case further determinations become desirable. 
These should be made within an hour after the dilution with water, for the 
solution may deteriorate and become cloudy if kept for longer periods. 
The mixture is more stable before it has been diluted, and samples may be 
brought to this stage and safely kept for as long as 6 hours before dilution 


and subsequent analysis. 
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a volume of 2.50 cc. by the addition of 1.125 cc. of water and 
is then ready for polarographic analysis. 

Sufficient mercury is added to cover the bottom of the cell and 
make contact with the platinum wire. With the electrical connec- 
tions completed, a polarizing potential of —1.0 volt is applied, 
with the galvanometer Sensitivity D, and a stream of nitrogen is 
bubbled through the solution. The galvanometer at first shows 
a considerable displacement to the right of the initial zero point, 
owing to the oxygen present, but the pointer soon recedes as this 
is removed (about 5 minutes). As soon as the galvanometer 
reading has become constant, the nitrogen stream is by-passed 
over the liquid and the solution is polarized at a potential increas- 
ing from —1.0 to —1.8 volts and at whatever sensitivity is judged 
to be the most promising for initial trial. It may be necessary 
to investigate all four sensitivities in order to select the one giving 
the best defined and most accurately measurable wave, preferably 
covering a span of from 10 to 40 mm. With some practice a 
satisfactory result usually can be obtained by making polarograms 
at no more than two different sensitivities. Occasionally it is 
found necessary to add a drop or two of 0.05 per cent aqueous glue 
solution to overcome a current surge at the terminal discharge. 

The quantity of Girard’s reagent specified calls for further com- 
ment. The amount used (5 mg.) in preparing the derivative is 
about 6 times that theoretically required to condense with the 
maximum quantity of hormone which the procedure is designed 
to accommodate (e.g. 1 mg. of androsterone), but experimentation 
has shown that this large excess is essential. In trials conducted 
with 5 mg. of reagent and varying amounts of hormone, it was 
found that a linear or approximately linear relationship existed 
between the polarographic wave span and the weight of hormone 
as this was increased from the lower limit to 1.2 mg., but that 
beyond this point added amounts produced no further effect. To 
provide some margin of safety, we therefore selected 5 mg. of 
reagent as a suitable amount to employ with a maximum of | mg. 
of hormone. If, in the analysis of an unknown sample, the amount 
indicated to be present exceeds the 1 mg. limit, the sample solution 
should be diluted and a fresh determination made. 

The Girard Reagent P (pyridine) was tried but found inap- 
plicable. The reagent itself discharges at a potential too low to 
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permit characterization of the ketonic condensation product. The 
p-nitrophenylhydrazone of dehydroisoandrosterone was found to 
give a well defined polarographic wave, but conditions for the 
practical application of this type of derivative to hormone analysis 
have not been investigated. The determination was made with 
0.5 mg. of substance in 2.50 cc. of isopropanol containing 10 mg. 
of lithium chloride. The half wave potential was —0.92 volt 
and the wave span (see below) at Sensitivity D was 90 mm. 
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Fic. 3. Dehydroisoandrosterone-Girard derivative; effect of varying the 
acidity. Each of the four solutions contained a 0.25 cc. aliquot of the 
solution of derivative prepared from 0.42 mg. of hormone, 0.5 cc. of 0.5 N 
NH,Cl, and the following volumes of additional reagents: Curve 1 (stand- 
ard procedure), 1.125 ec. of HO, 0.625 ce. of 0.2 N NaOH; Curve 2, 1.75 ec. 
of HO; Curve 3, 1.50 ee. of H.O, 0.25 ce. of 0.1 N HCl; Curve 4, 1.25 ce. 


of H,0, 0.50 ec. of 0.1 N HCl. 


A typical polarogram obtained by the standard procedure is 
shown in Curve 1 of Fig. 3, which is a reproduction of the actual 
chart drawn by the recording potentiometer. When the applied 
voltage is automatically increased, the diffusion current remains 
but little altered (nearly vertical line) until a potential is reached 
at which a discharge due to the Girard derivative begins to occur. 
After the completion of this discharge and formation of the char- 
acteristic wave, the curve again rises sharply at a near vertical 
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slope until a level is reached at which discharge of ionic electrolytes, 
including the excess Girard’s reagent, occurs. Curve 1 presents a 
well defined wave and it is to be contrasted with Curves 2, 3, and 4, 
which illustrate the disadvantageous effect of progressively in- 
creasing the acidity of the solution. Solutions more alkaline than 
that of the standard procedure were tried with unpromising results, 
for although the polarograms were satisfactory with respect to 
form of curve there was a distinct lack of proportionality between 
the weight of hormone and the polarographic effect observed. 

Analysis of Polarograms—Several different methods of measur- 
ing polarograms of organic compounds have been defined and 
discussed by Borcherdt, Meloche, and Adkins (19), but none of 
these methods seems applicable to the case at hand because of a 
significant difference in the character of the wave, a difference 
which is particularly apparent in analysis of urine extracts. The 
distinguishing characteristic is apparent even in polarograms 
obtained with pure hormones, as in Curve 1, Fig. 3. It will be 
observed that the two parts of the curve which are most nearly 
vertical are definitely non-parallel, and with urine extracts the 
divergence often is much more pronounced. This feature intro- 
duces a complication in the selection of the current range over 
which the discharge is attributable to the substance under investi- 
gation. In polarograms obtained with some instruments the 
current is plotted along the ordinate of the chart, and in this case 
the range covered is appropriately called the wave height (19). 
With the Leeds and Northrup instrument, where the alternate 
scheme of charting is used, the equivalent term wave-length seems 
ill advised because of its use in spectroscopy and we prefer the 
designation wave span, which is applicable to both systems. After 
carefully considering the problem of measuring the present wave 
spans from a practical and purely empirical point of view, we have 
adopted a method which can be illustrated with reference to Fig. 4. 
A line is drawn extending the initial straight and nearly vertical 
portion of the curve, and an estimate is made of the inflection 
point of the near vertical part of the curve representing the 
termination of the wave proper. This usually is at the mid-point of 
a straight line section and can be further defined as the point at 
which the oscillation tracings are at a minimum. A line drawn 
from this point perpendicular to the above extension line is taken 
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as a measure of the wave span. It will be seen from the typical 
example of Fig. 4 that the wave spans A, B, and C found by this 
method for a given solution polarographed at three different 
sensitivities bear a relationship to one another which corresponds 
closely to the ratio of the sensitivities; namely, 1:2:4. 
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Fic. 4. Urine extract (PBBH-78-C, 0.2 cc.) with added androsterone 
(0.5 mg.) polarographed at three sensitivities. Sensitivities and corre- 
sponding wave spans: Sensitivity A, 13.2 mm.; Sensitivity B, 27.4 = 2 x 
13.7 mm.; Sensitivity C, 54.7 = 4 X 13.7 mm. 
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Fig. 5. Crude urine Extract CH-125-C. Sensitivity C, wave span 
8.6 mm., indicating 0.105 mg. of hormone in the original sample; Sensi- 
tivity D, 17.2 mm., 0.11 mg. of hormone. 


The polarographic waves obtained with urine extracts usually 
are less sharply defined than those given by pure hormones or by 
extracts containing added hormone, but the above method of 
analysis nevertheless appears applicable. A particularly unfavor- 
able case is illustrated in Fig. 5, which refers to a highly pigmented 
neutral urine extract containing a considerable amount of non- 
ketonic material. Although neither curve provides a very precise 
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basis for estimation, a reading can be made even in the less 
propitious case (Sensitivity D) and the results of the two observa- 
tions are in good agreement. Fig. 6 shows the results obtained 
with a portion of the same extract after it had been put through 
the Girard separation to remove the non-ketonic material (9), 
and if this is compared with Fig. 5 it is seen that the purification 
results in a marked improvement in definition of the curves, the 
wave span being easily measured at both sensitivities. It is also 
noteworthy that the amount of ketonic hormone found is sub- 
stantially the same as in the determinations made in the presence 
of the interfering non-ketonic materials. In general, it appears 
possible to conduct satisfactory polarographic analyses of crude 


| 





MICROAMPERES 
Fic. 6. Same urine extract after removal of non-ketones (Extract 
CH-125-K). Sensitivity C, wave span 8.1 mm., equivalent to 0.10 mg. 
of hormone; Sensitivity D, 16.0 mm., 0.10 mg. of hormone 


urine extracts which have not been processed by removal of the 
non-ketonic fraction, provided that the sample has been clarified 
by extraction with alkaline hydrosulfite solution (20). 
Calibration Curves—In testing the method of polarographing the 
Girard derivatives for its applicability to problems of analysis, 
we first investigated the weight-wave span relationship for three 
pure hormones over a 10-fold range of sample weight. Alcoholic 
solutions of androsterone, isoandrosterone, and dehydroisoandro- 
sterone were prepared containing 2.00 mg. per cc., and suitable 
portions were pipetted and polarographed by the standard Girard 
procedure at four sensitivities, with the results shown graphically 
in Fig.7. While the relationship appears to be linear, or nearly so, 
in the lower concentrations, the curves diverge considerably from 
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the initial straight line slope as the amount of hormone is increased. 
The effect evidently is associated in some way with the decreasing 
ratio of hormone to excess Girard’s reagent, and as noted above 
the correlation of wave span to amount of hormone breaks down 
entirely on increasing the weight of the latter to 1.2 mg. The 
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Fic. 7. Relation of polarographic wave span to weight of pure crystalline 
hormone (total weight of material taken for condensation with 5 mg. of 
Girard’s reagent; 4 times that actually polarographed). Sensitivities, 
A, B, C, D, as indicated; O androsterone; Q isoandrosterone; O dehydro- 


isoandrosterone. 


curves given in the figure can be used as calibration graphs with 
reasonable assurance as to accuracy if the readings are limited 
to the lower ranges of concentration. Perhaps the most signifi- 
cant feature of the results as a whole is the demonstration that 
three pure steroids of the saturated 17-keto type and of essentially 
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the same molecular weight give exactly the same polarographic 
response. 

The next step was to investigate the behavior of hormones in 
the presence of the companion substances found in urinary ex- 
tracts. For this purpose small amounts of non-phenolic urine 
extracts were added to known samples of pure hormones and 
polarograms were made by the standard procedure. The keto- 
steroid content of the extract added was determined with the use 
of the calibration curves of Fig. 7, at such a dilution as to utilize 
only the lower extremities of the curves. Any error associated 
with that part of the total hormone derived from the extract was 
further minimized by keeping the amount added at a low level 
(e.g. 0.1 mg.). The results are recorded in Fig. 8, and it will be 
seen that the wave span is directly proportional to the amount of 
hormone and that the linear relationship is maintained accurately 
over the entire range of 0.1 to 1.0 mg. The situation is much more 
favorable than is encountered with pure hormones alone, evidently 
because of a stabilizing or other beneficial influence exerted by 
constituents of the urine extracts. This influence is manifested 
with no more than a trace of added extract; for example, with 
only 10 y of evaporated urine extract per mg. of crystalline hor- 
mone. The effect appears to be very general, for urine extracts 
of a wide variety of types were used in constructing the curves and 
the effect was observed not only with total crude neutral fractions 
but with ketonic and non-ketonic fractions, separated with the 
use of the Girard reagent. Since non-ketonic material is probably 
carried in small amounts into the ketonic fraction, a trace of a non- 
ketone may be responsible for the “stabilization.” 

In Fig. 8 the ten points on the curve for the highest sensitivity 
(D) were all determined in special calibration runs conducted as 
described, with a very minute amount of urinary hormone present. 
Similar determinations in like number were used to define the 
other three curves, but here the chart includes as well the results 
of a number of subsequent determinations made by establishing 
the hormone content of a given urine extract by reference to the 
calibration, adding a known amount of pure hormone, and making 
a determination of the total hormone content. The points ob- 
tained in this way conform to the curves nearly as well as the 
actual calibration points and have been included on Fig. 8 to give 
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Fic. 8. Calibration curves for the determination of androgens in urine 
extracts. The 17-ketosteroid content, calculated as androsterone, refers 
to the total amount in the sample processed by the standard procedure. 


O urine extract + androsterone; Q urine extract + isoandrosterone; 
0 urine extract + dehydroisoandrosterone. 
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an indication of the magnitude of the deviations to be expected 
in analytical practice. 

The calibration curves provide adequately for the accurate 
determination of the hormones over the rather wide range of from 
0.05 to 1.0 mg. of material in the total sample. It should be noted 
that only one-fourth of the sample is taken for an actual deter- 
mination and that the limit of accurate analysis by the present 
procedure is therefore about 12 y. The sensitivity could be ex- 
tended easily by employing a smaller electrolysis cell, but for 
most purposes when minute amounts are to be detected it would 
be necessary merely to evaporate a larger volume of urine extract. 

Determination of 17-Ketones in Androgen Fraction of Urine—As 
a test of the generality of application of the method, analyses were 
made of a number of neutral urine extracts obtained from the 
assay laboratories of three Boston hospitals, where they had been 
prepared by solvent extraction of urine, removal of the phenolic 
material, and such other processing as is currently conducted in 
the routine assays of the respective laboratories. We are greatly 
indebted to Dr. Fuller Albright for samples from the Massachu- 
setts General Hospital, to Dr. H. B. Friedgood for those from the 
Peter Bent Brigham Hospital, and to Dr. N. B. Talbot for those 
from the Children’s Hospital. Data were kindly supplied giving 
the results of colorimetric assays obtained by the Zimmermann 
method (21) as modified by Callow, Callow, and Emmens (22), 
and as further elaborated in the three laboratories. The nature 
of procedures used is indicated in publications by Friedgood and 
Whidden (23) and by Talbot and associates (9, 24, 25). 

The results are recorded in Table II. A given volume of the 
alcoholic extract (second column) was evaporated to dryness, put 
through the standard procedure, and the amount of hormone 
present in the indicated volume of extract was determined from 
polarograms taken at appropriate sensitivities and by reference to 
Fig. 8. The inclusion of two sets of figures for a given sensitivity 
indicates that entirely independent duplicate determinations were 
made with separate portions of the original extract. The agree- 
ment between the duplicates is invariably good, as is the corre- 
spondence of the determinations made at different sensitivities. 
The weight of hormone found is occasionally given to three decimal 
places merely for the purpose of indicating the magnitude of the 
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deviations and to illustrate the extent to which errors in measuring 
the wave span may influence the result in terms of mg. of hormone. 

The polarographic results show a general correspondence with 
the results of the Zimmermann assay. That the values reported 
from the Massachusetts General Hospital are lower than ours is 
to be discounted because of a large correction factor applied in 
obtaining these Zimmermann values. The other colorimetric 
assays all tend to run significantly higher than ours. Thus in the 
extensive series of results supplied by Dr. Talbot, most of which 
refer to determinations on the separated ketonic fraction, the 
indicated hormone content is irregularly higher (average, about 
50 y) than that found polarographically. 

The samples studied included urinary extracts from normal 
males and females, children, a female with an adrenal tumor, and 
patients with Addison’s disease and in various other pathological 
conditions. The procedures for the dilution of the evaporated 
urine extract varied considerably and there is no simple or regular 
relationship between the volume of extract taken for analysis and 
the amount of urine which it represents. As an indication of the 
extent of variety in the samples, it may be said that they ranged 
from a ketonic hormone content of 1.7 mg. per liter (Extract 
CH-44-K) to 141 mg. per liter (Extract PBBH-105-C). Since no 
significant difficulties were encountered, it would appear that the 
polarographic method is very generally applicable to the deter- 
mination of urinary androgens. It may be noted that the method 
is rapid and that a single worker can make as many as thirty deter- 
minations in a day. Proper processing of the extract, including 
a hydrosulfite wash (20), is desirable for best definition of the 
curve, and standardization of the amount and dilution of the 
extract makes for convenience of determination. On the basis 
of our experiences with the above samples and of certain observa- 
tions by Dr. N. B. Talbot, we suggest that extracts for polaro- 
graphic analysis be prepared by the following general extraction 
procedure. A 1 liter sample of urine bearing a known ratio to the 
daily output is extracted with solvent. The estrogen fraction is 
removed from a solution of the extract by four washings with 
2.5 N sodium hydroxide, and the neutral fraction is washed twice 
with 2.5 nN sodium hydroxide containing 10 per cent of sodium 
hydrosulfite, each time with vigorous shaking for 5 minutes. The 





672 Polarographic Study of Ketosteroids 


Tasie II 
Polarographic Analysis of Neutral Urine Extracts 
volume | ena ty 
Urine extract* zy —_ Wave span Hormone found Zimmer- 
analysis maan 
assay 
ce. mm. mg mg. 
MGH-1734-C 2.0 A 8.2 0.40 0.30 
B 16.5 0.39 
MGH-1727-C 0.5 ” 18.2,17.1 0.43,0.40 0.31 
MGH-1724-C 0.5 A 8.5 0.42 0.32 
B 19.6,19.2 0.45,0.45 
C 37.4 0.43 
MGH-1737-( 0.5 B 10.5 0.25 0.28 
PBBH-78-C 0.2 sas 4.5 0.11 0.12 
( 8.8 0.10 
D 17.1 0.11 
PBBH-78c-C 0.5 B 13.9,12.1 0.32,0.29 0.31 
PBBH-78b-C 0.5 " 12.8,12.5 0.30,0.29 0.31 
PBBH-105b-C 0.1 15.6,16.0 0.175,0.18. 0.27 
PBBH-105e-C 0.05 B 3.7 0.095 0.13 
; 7.4 0.08; 
) 15.4 0.09; 
CH-128-K 0.2 ; 7.9,7.8 0.09,0.09 
CH-127-K 0.2 - 12.2,12.1 0.14,0.14 
CH-128-C 0.2 B 4.6 0.11 
C 9.1 0.105 
CH-126-C 0.2 + 9.4,9.4 0.11,0.11 0.13 
D 18.4,19.0 0.115,0.12 
CH-126-K 0.2 C 8.1 0.09; 0.12 
D 15.9,15.1 0.10,0.095 
CH-125-C 0.2 C 9.6,8.6 0.11,0.105 0.14 
D 17.2 0.11 
CH-125-K 0.2 C 8.1 0.10 0.12 
D 16.0,15.4 0.10,0.09. 
CH-la-K 0.2 Cc 8.7 0.10 0.14 
CH-1b-K 0.4 | A 7.8 0.38 0.52 
| B 15.4 0.36 
CH-le-K a. 7.4 2.5 0.065 0.09 
C 4.9 0.05; 
CH-1d-K 0.2 B 8.9 0.21 0.25 
Cc 18.5 0.21; 
0.24 0.32 
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TaBie I]—Concluded 





Volume ae 
Urine extract* yy Sty | Wave span Hormone found Sane- 
analysis | = 
ce. mm. mg. mg. 
CH-1f-K 0.4 A 15.5 0.73 0.76 
B 31.4 0.74 
CH-21-K 0.4 A 7.3 0.36 0.35 
B 14.5 0.34 
CH-220-K 0.5 a 12.9 0.30 0.40 
CH-22n-K 0.5 “ 13.4,13.6 0.31,0.32 0.38 
CH-230-K 0.5 C 36.6,33.9 0.415,0.39 0.44 
CH-23n-K 0.5 B 18.9,17.9 0.44,0.42 0.44 
CH-24-K 0.5 ee 22.0,23.1 0.52,0.54 0.54 
C | 46.1 | 0.51 
CH-27-K 0.5 “ | 27.0,26.6 | 0.31,0.30; | 0.35 
CH-31-K | 0.5 | B 15.0,15.1 | 0.35,0.35 | 0.34 
CH-32-K 0.5 A | 12.6 0.60 0.75 
B | 25.9,24.5 0.61,0.58 | 
Cc} 51.0 | 0.58 
CH-33-K 0.5 B | 23.3,23.4 0.55,0.55 | 0.63 
CH-34-K 0.5 a 9.1,8.8 0.21,0.20, | 0.28 
CH-41-K 0.4 | “ 4.7 0.11 | 0.13 
CH-42-K 1 20.1,19.6 0.47,0.46 | 0.52 
CH-43-K | o8 | “ 17.5 0.41 0.45 
C | 38.5 | 0.43 | 
CH-44-K 0.5 | “ 7.3 0.085 | 0.13 
CH-45-K 0.5 | A il. | 0.55 | 0.59 
B | 22.8,23.3 | 0.54,0.55 | 





*The source of the sample is indicated thus: MGH, Massachusetts 
General Hospital; PBBH, Peter Bent Brigham Hospital; CH, Children’s 
Hospital. The last letter indicates the type of extract, erude (C) or 
ketonic (K). 


solution is then washed once with water, evaporated to dryness, 
and the residue made up to a volume of 4 cc. with 95 per cent 
ethanol. When a 0.2 cc. sample of the solution is converted to 
the Girard derivative and a portion polarographed by the stand- 
ard procedure, determinations can be made covering the range of 
1 to 20 mg. of hormone per liter of urine. 

Estrone—Since estrone is a 17-ketosteroid, it is not surprising 
that the substance was found to give very much the same polaro- 
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graphic response as the androgens when condensed with the Girard 
reagent by the standard procedure. A discharge occurs at the 
same potential level, the form of the wave is similar, and the only 
noticeable difference is that the wave span is slightly less, whereas 
if the polarographic discharge followed the stoichiometric relation- 
ship the hormone of lower molecular weight would show the 
greater discharge. A few experiments were made with increasing 
amounts of estrone in the region of low concentration and the 
results, recorded graphically in Fig. 9, show that a direct propor- 
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Fic. 9. Proportionality of wave span to weight of pure hormones at 
Sensitivities B, C, D. The solid lines represent estrone-Girard deriva- 
tive, mg. content of total sample processed (4 times that polarographed). 
The dash line represents testosterone in alkaline isopropanol, mg. of 
material polarographed. 


tionality exists between wave span and weight of pure hormone in 
the region covered. The determination of the hormone in urinary 
extracts would thus seem feasible. 

Comparison with 3-Ketosteroids—Cholestanone and coprosta- 
none, saturated 3-ketones having the two possible configurations 
at the 5 position, were condensed with Girard’s reagent in the usual 
way and examined polarographically. Neither derivative gave 
any indication of a characteristic wave and there was no break in 
the diffusion current curve before the electrolytes began to show 











vs 

















Wolfe, Hershberg, and Fieser 675 


terminal discharge. This unexpected observation was substan- 
tiated by an examination of the pure Girard derivative of choles- 
tanone, which was isolated in a erystalline condition, for this 
showed the same behavior. The most obvious structural differ- 
ence between a 3- and a 17-ketosteroid is that the carbonyl group 
is located in a six-membered ring in the former case and in a five- 
membered ring in the latter. For comparison, we therefore inves- 
tigated cyclohexanone and cyclopentanone by the same procedure, 
with the results shown in Fig. 10. Cyclohexanone (Curve 1) 
although not completely indifferent gave no very distinct sign of 
a polarographic wave, whereas cyclopentanone (Curve 3) gave a 
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Fia. 10. Girard derivatives of cyclic ketones (0.5 mg. of each, standard 
procedure). Curve 1, cyclohexanone; Curve 2, cis-9-methyl-3-decalone; 
Curve 3, cyclopentanone; Curve 4, cis-8-methyl-2-hydrindanone. 


wave of very extended span and of typical, if slightly irregular, 
form. As a further test case, comparison was made between 
synthetic model compounds kindly supplied by Professor R. P. 
Linstead; namely, cis-9-methyl-3-decalone, (I) (26), and cis-8- 
methyl-2-hydrindanone, (II) (26, 27). The six-membered ring 
ketone (1) (Curve 2) behaved very similarly to cyclohexanone, 


CH; CH; O 


fin fi Gas 
AYN Wo 


(D (11) 














676 Polarographiec Study of Ketosteroids 


while the five-membered ring compound (II) gave a wave corre- 
sponding to that of cyclopentanone. The difference in the re- 
sponse of the 3- and the 17-ketosteroids therefore is definitely 
attributable to the difference in the ring size. Considered with 
reference to the assay of steroids, the inert character of the 
3-ketones lends further specificity to the polarographic method of 
determining the 17-ketonic hormones. 
a,B-Unsaturated Ketones 


, 
Direct Determination in Alkaline Isopropanol—After trial had 


been made of various solvents and electrolytes, the following 
scheme was adopted for the direct polarographic characterization 
of a,8-unsaturated ketones of the sterol and hormone series. A 
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Fig. 11. Testosterone in alkaline isopropanol (fresh solutions, Sensi- 
tivity D). Curve 1, 0.1 mg. of hormone, wave span 11.2 mm.; Curve 2, 
0.2 mg., 23.3 mm.; Curve 3, 0.3 mg., 35.3 mm.; Curve 4, 0.4 mg., 46.4 mm. 


solution of the sample in | cc. of isopropanol was measured into 
the cell and treated with 0.5 ce. of aqueous 0.25 n tetraethyl- 
ammonium hydroxide and 1 cc. of water. The solution was de- 
aerated and polarized over the potential range from —1 to —2 
volts and the span of the wave was measured in mm. by the 
method described above. 

Typical results, obtained with increasing amounts of testos- 
terone, are shown in Fig. 11. The curves are sharply defined, and 
over the limited range of concentration investigated the relation- 
ship between wave span and weight is strictly linear, as shown by 
the plot of the four results included in Fig. 9 (dotted line). This 
chart permits a direct comparison with the results for a typical 
Girard derivative, when allowance is made for the 4-fold difference 
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in the weights of the material polarographed. On analysis at 
Sensitivity D, 0.2 mg. of testosterone gives a wave span of only 
23.5 mm., whereas 0.2 mg. of estrone in the form of the Girard 
derivative shows a span of 4 X 31.5 = 126 mm. 

A point of interest in Fig. 11 is that the half wave potential 
recedes to less negative levels as the concentration of hormone is 
increased. A potential drift in the opposite direction was observed 
when the stability of testosterone in the alkaline solution was 
tested (Fig. 12). Relatively little difference is observable between 
the wave span of a very fresh solution (Curve 1) and that of the 
same solution after standing under nitrogen for over 2 hours 
(Curve 6). A parallel experiment with desoxycorticosterone ace- 
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Fic. 12. Testosterone (0.4 mg.) in alkaline isopropanol polarographed at 
Sensitivity D after varying periods of time. Curve 1, 2 minutes after 
mixing; Curve 2, 12 minutes; Curve 3, 32 minutes; Curve 4, 52 minutes; 
Curve 5, 72 minutes; Curve 6, 132 minutes. 


tate is recorded in Fig. 13. Here there was little if any change in 
either the half wave potential or the wave span until after about 1 
hour, when evidence of decomposition became apparent (Curve 6). 

All A*‘-3-ketosteroids investigated exhibited much the same 
polarographic behavior in the alcoholic isopropanol solution, as 
shown in Fig. 14 which gives the curves obtained under comparable 
conditions with equal weights of a number of the substances of 
this series. The blank determination (Curve 1) shows that no 
discharge of electrolytes occurs in the potential range concerned. 
Corticosterone (Curve 2) gives a wave similar in form and potential 
to that of cholestenone (Curve 3), indicating that the additional 
carbonyl group at the 20 position in the side chain does not con- 
tribute to or influence the polarographic discharge. 17-Hydroxy- 
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dehydrocorticosterone (Curve 4) has two carbony! groups in addi- 
tion to the a ,8-unsaturated carbony] at position 3, but these at most 
exert a slight modifying influence, for the curve is in the same 
potential range and deviates from the characteristic form only in 
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Fic. 13. Desoxycorticosterone acetate (0.4 mg.) in alkaline isopropanol 
polarographed (Sensitivity D) after the time intervals detailed in Fig. 12. 
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Fig. 14. Comparison of various a,8-unsaturated ketones (0.3 mg.) in 
alkaline isopropanol (Sensitivity D). Curve 1, blank; Curve 2, cortico- 
sterone; Curve 3, A*-cholestenone; Curve 4, 17-hydroxydehydrocortico- 
sterone; Curve 5, desoxycorticosterone acetate; Curve 6, testosterone; 
Curve 7, progesterone. 


rather minor respects. Desoxycorticosterone (not shown) gives 
a tracing very similar to that of its acetate (Curve 5), and the 
curves for testosterone and progesterone (Curves 6 and 7) are 
of the same characteristic type. 
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It is of interest to compare the extent of the discharge due to 
equal weights of the compounds (0.3 mg.) with reference to their 
molecular weights, as in Table III. The wave span tends to 
decrease with increasing molecular weight and with the first four 
compounds the relationship seems to be linear. The 17-hydroxy 
compound, however, is completely out of line with the other 
hormones and in the direction opposite to that which would signify 
a participation of the 11- and 20-carbonyl groups. Cholestenone 
likewise departs significantly from proportionality. 
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The half wave potentials read directly from the charts are of 
purely empirical significance, since they are uncorrected and have 
not been evaluated in terms of a reference electrode. Further- 
more, the potentials found above in an aqueous acetate buffer 
cannot be compared with those obtained in the alkaline isopro- 
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panol solution, for a reference basis is lacking. Nevertheless the 
uncorrected relative potentials observed in a given solvent under 
comparable conditions of concentration are of value in providing 
empirical indexes of structure. The above compounds are al] 
A‘-3-ketones and give potentials ranging from — 1.53 to — 1.63 volts, 
We were fortunate in being able to investigate an a,§8-unsatu- 


TaBte III 
Relation to Molecular Weighis (Alkaline Analysis) 


Compound Mol.wt Wave span aXb 

a v 10,000 

Testosterone 288 .42 33.9 0.98 
Progesterone 314.45 31.0 0.98 
Corticosterone 346.45 29.7 1.03 
Desoxycorticosterone acetate 372.49 26.7 1.00 
17-Hydroxydehydrocorticosterone 360.44 12.2 0.43 
A‘*-Cholestenone 384 .52 18.9 0.73 


rated ketone of another structural type; namely, A'-cholestenone. 


This substance was found to give a polarograrf similar to that of 
A*-cholestenone and of the same wave span. ‘The potential in 
alkaline isopropanol was — 1.43 volt, which is significantly below 
the level for the 3-ketones of the A‘ series. A potential in the 
range —1.5 to —1.6 volt is thus highly specific and distinguishes 
the A*-unsaturated 3-sterones from saturated ketones of various 
types, and from at least one other a,8-unsaturated type. The 
list of natural hormones now shown capable of characterization by 
this method includes the important testosterone and progesterone, 
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and three substances which have been isolated from the adrenal 
cortex and shown to have cortin activity. 

Determination As Girard Deriwvatives—The polarographic be- 
havior of the Girard derivatives of the a,f$-unsaturated ketones 
was investigated both to see whether there are any advantages in 
the use of the derivatives in place of the free ketones and to deter- 
mine the nature of the effect to be expected if unsaturated ketones 
are encountered in applying the above method for the analysis of 
urinary androgens. A given substance was condensed with excess 
Girard’s reagent according to the standard procedure outlined 
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Fig. 15. Girard derivatives of a,6-unsaturated ketones (0.5 mg. sample, 
standard procedure, Sensitivity C). Curve 1, desoxycorticosterone ace- 
tate; Curve 2, testosterone; Curve 3, testosterone propionate. 


above and one-fourth of the solution was prepared for polaro- 
graphic analysis in the usual manner. 

The behavior of unsaturated ketones having no other reducible 
groups is illustrated by the graph for testosterone, Curve 2 of 
Fig. 15, and also by Curve 3, for testosterone propionate. The 
waves are well defined and suited to accurate measurement, and 
the wave span is far greater than is obtained on polarographing a 
free ketone in alkaline isopropanol. Thus if the data of Figs. 14 
and 15 for testosterone are placed on a common basis, it is seen 
that the Girard derivative gives a wave span 6.3 times as great 
as does the free hormone. This means that determination of the 
Girard derivative represents a far more sensitive method of 
analysis. 
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The half wave potential of the discharge attributable to the 
a,8-unsaturated ketonic group is approximately —1.23 volts, 
whereas that characteristic of the saturated 17-ketosteroid Girard 
compounds is about —1.44 volts. The difference is so pronounced 
that the potentia] of the wave serves as a reliable index of the type 
of ketone in hand. Furthermore, results obtained with com- 
pounds having two types of groups present in the same molecule 
indicate that these both leave an imprint on the polarographic 
chart. Thus desoxycorticosterone acetate (Fig. 15, Curve 1) gives 
a double wave; the first is quite distinct and occurs at a level 
(— 1.23 volts) associated with the A‘-3-ketonic structure, while the 
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Fig. 16. Girard derivatives (0.3 mg. sample, Sensitivity C). Curve 1, 
corticosterone; Curve 2, 17-hydroxydehydrocorticosterone. 


second wave is shorter and less clearly defined but is encountered 
at a considerably higher potential (about —1.45 volts). Curves 
similarly resolvable into two parts are given by corticosterone and 
17-hydroxydehydrocorticosterone (Fig. 16), as well as by proges- 
terone (Fig. 17, Curve 2). The fact that all of these compounds 
exhibiting an upper wave have a carbonyl! group at the 20 position 
would suggest that this group is associated with the second dis- 
charge, and a secure basis for drawing this conclusion is provided 
by a comparison of the curves for progesterone and for A®-preg- 
nenol-3-one-20 (Fig. 17, Curve 1). The latter compound, in which 
the ketonic group at the 20 position constitutes the sole center in 











~~ @& 


— bee 











Wolfe, Hershberg, and Fieser 683 


COCH; 
CH; 
NI 
cH! | 
NAS 
VW 


A’-Pregnenol-3-one-20 


HO 


the molecule capable of condensing with the Girard reagent and 
forming a reducible group, gives a characteristic discharge at a 
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Fic. 17. Girard derivatives (0.5 mg. sample, Sensitivity C). Curve 1, 
A’-pregnenol-3-one-20; Curve 2, progesterone. 


half wave potential of about —1.45 volts, and it will be seen that 
this wave corresponds closely in position and form with the upper 
wave of the progesterone curve. 

The marked difference in the potential of discharge of the Girard 
derivatives of unsaturated and saturated ketones suggested that 
the former might be determinable in the presence of the latter. 
An experiment to test this point is recorded in Fig. 18. A mixture 
of testosterone with double its weight of androsterone was con- 
densed as usual with Girard’s reagent; a sample when polaro- 
graphed gave the double wave Curve 3. The lower wave clearly 
corresponds to that found with pure testosterone (Curve 2), while 
the upper one is recognizable as that of androsterone (Curve 1); 
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in the mixture both potentials seem slightly depressed. The ratio 
of the two wave spans agrees closely with that of the weights of 
hormones taken. It thus appears that the polarographic method 
developed provides for the simultaneous determination of a,f- 
unsaturated ketones and 17-ketosteroids in mixtures. Another 
case studied is that of a mixture of desoxycorticosterone acetate 
and androsterone (Fig. 19). The mixture gives a double wave 
(Curve 1) clearly revealing the presence of the cortical steroid 
derivative. With suitable standardization based on the lower part 
of the curve, the type of cortin principle represented should be 
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Fic. 18. Simultaneous determination of a saturated and an a,§-unsatu- 
rated ketone through the Girard derivatives. Curve 1, androsterone 
(1.0 mg.), Sensitivity B; Curve 2, testosterone (1.0 mg.), Sensitivity B; 
Curve 3, testosterone (0.2 mg.) and androsterone (0.4 mg.), Sensitivity C. 


determinable in the presence of androgens normally occurring in 
urine. The upper portion of the curve for the mixture is doubt- 
less a composite of the discharge due to androsterone and to the 
20-ketonic group of the cortical steroid. 

In Table IV the data for the wave spans recorded in the various 
charts just discussed have been reduced to the common basis of 
0.5 mg. of total sample and Sensitivity C for comparison with the 
molecular weights of the uncondensed hormones. The deviation 
from a strict proportionality is well beyond the experimental error 
and there is less indication of a regularity here than in the series 
of determinations of the hormones in alkaline isopropanol solution. 
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The whole question of the stoichiometry of the polarographic 
analyses presents many perplexing problems, and the contrasting 
behavior of five- and six-membered ring ketones and of those 
having the carbonyl group at the 20 position raises further interest- 
ing problems which are difficult of theoretical interpretation. It 
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Fig. 19. Determination of a A‘-3,20-diketone in the presence of a 17-keto- 
steroid (Girard derivatives). Curve 1, desoxycorticosterone acetate 
(0.2 mg.) and androsterone (0.4 mg.), Sensitivity B; Curve 2, desoxycortico- 
sterone acetate (0.4 mg.), Sensitivity C. 


TABLE IV 
Relation to Molecular Weights (Girard Analysis) 


Compound hat, Wewsepan nen 
Testosterone 288 .42 45.0 1.30 
Androsterone 290.44 35.5 1.03 
Progesterone . 314.45 | 35.0 1.10 
Corticosterone 346.45 37.5 1.30 
Testosterone propionate 346 .49 45.0 1.56 
Desoxycorticosterone acetate 372.49 31.5 1 


is not clear why the Girard derivatives show a characteristic dis- 
charge covering a span several times greater than is observed with 
uncombined unsaturated ketones, unless it be that the result is 
caused by a summation of discharges due to the —C==N— linkage, 
the terminal ionic group, and possibly the amide carbonyl group. 
The theory of the polarographic phenomena, however, is of no 
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great moment to the objectives of the present work, and attention 
has been called to the idiosyncrasies encountered in order to indi- 
sate the limitations of the polarographic method and the precau- 
tions to be observed in its application to the quantitative deter- 
mination of hormones. Standardization with reference to known 
compounds and in the presence of companion substances occurring 
in the extracts to be analyzed is all important. With adherence 
to this requirement, the method offers promise of fruitful applica- 
tion to a number of important problems involving the exact deter- 
mination of ketonic androgens, estrogens, and cortical steroids. 


SUMMARY 


The 17-ketosteroids present in neutral urinary extracts can be 
determined accurately and rapidly by condensation with excess 
Girard’s reagent and polarographic analysis of a suitably buffered 
aqueous solution of the reaction mixture. When similarly proc- 
essed, saturated 3-ketosteroids are indifferent, ketonic estrogens 
are determinable, and steroids with a 20-ketonic group give a 
somewhat different response. The a,§-unsaturated A‘-3-keto- 
steroids are easily determinable by the same method and are 
readily distinguished from the 17-keto compounds, and even from 
A'-3-ketosteroids, by a characteristically different potential of the 
polarographic wave. Hormones of the type of testosterone, pro- 
gesterone, and corticosterone also can be characterized and deter- 
mined by polarographic analysis in a mixture of isopropanol and 
aqueous tetraethylammonium hydroxide, although the deter- 
mination of the same hormones in the form of the Girard deriva- 
tives offers advantages of specificity and sensitivity of analysis. 
By the latter method, a ,8-unsaturated steroids can be determined 
in the presence of saturated ketonic androgens, in some cases with 
simultaneous determination of these androgens. 
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STUDIES ON THE CHEMISTRY OF BLOOD 
COAGULATION 


XI. THE MODE OF ACTION OF HEPARIN* 
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Heparin requires the presence of a plasma protein to prevent 
the conversion of prothrombin to thrombin (1-3) and the coagula- 
tion of fibrinogen by thrombin (4). Quick (5) has shown that the 
factor which complements the action of heparin on thrombin is 
contained in the albumin fraction of serum prepared by Howe’s 
method (6). This factor will be referred to in this paper as the 
heparin complement. In a preliminary communication (7) the 
authors have reported that crystalline albumin is inactive in com- 
plementing heparin. This has also been observed by Jaques and 
Mustard (8). In the present paper the distribution of the heparin 
complement in plasma and its interaction with thrombin are dis- 
cussed. 


EXPERIMENTAL 


Methods—Thrombin was prepared by the method of Eagle (9) 
and fibrinogen in the usual manner by repeated precipitations 
with sodium chloride. Heparin was used in the form of the pure 
sodium salt.'. All substances were dissolved in 0.85 per cent saline 
and adjusted to neutral pH. 

The activity of plasma fractions in complementing heparin was 
determined as follows: 0.1 cc. of thrombin solution, 0.06 cc. of a 
heparin solution of appropriate concentration, and 0.06 cc. of the 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 

! We wish to thank Hoffmann-La Roche, Inc., Nutley, New Jersey, for 
the heparin preparation used. 
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protein fraction were mixed. After an incubation period, usually 
3 minutes,’ 0.2 ec. of fibrinogen solution was added. In control 
experiments 0.06 ec. of saline was substituted for either the heparin 
or the protein solution to be tested. The tubes were examined 
for clots at fixed intervals in order to avoid unnecessary agitation. 
Experiments were carried out at room temperature. 

Relation between Thrombin and Heparin Complement—When de- 
creasing quantities of albumin prepared according to Howe (6) 


TABLe | 
Effect of Decreasing Concentrations of Albumin Prepared by Howe's Method 
on Heparin Action 


. : Clotti » of fibrino 
N per es. albumin tting time fibrinogen 


Experiment No. solution 
10 sec. 15 hrs. 
mg. 
l 1.38 —_ _ 
2 0.69 — 
3 0.46 + 
4 0.23 + 
= clot: -_- = no clot 


TABLE II 


Effect of Decreasing Concentrations of Serum on Heparin Action 


Clotting time of fibrinogen 


Experiment No. Serum dilution ont 
30 sec. 1 min. 20 min. 
l Original - — — 
2 1:2 — — _ 
3 1:4 _ + 
+ = clot; — = no clot. 


in saline were mixed with fixed quantities of thrombin and heparin, 
and the mixtures added to fibrinogen, the coagulation of the latter 
was inhibited until a minimumconcentration of the albumin was 
reached, at which the coagulation time fell sharply. These ex- 
periments are summarized in Table I. The thrombin, albumin, 
and fibrinogen were prepared from oxalated sheep plasma. The 
thrombin solution used was obtained by diluting five times the 


? Longer periods produced no difference in results. 
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original solution resulting from the Eagle procedure. It clotted 
an equal volume of fibrinogen in 7 seconds. The heparin concen- 
tration was 0.1 per cent. 

Similar results were obtained by adding normal human serum 
in increasing dilutions to the same clotting system in place of al- 
bumin, as shown in Table II. 

The results shown in Tables I and II (in which for brevity 
numerous intermediate readings are omitted) demonstrate that 
the heparin complement acts only above a critical concentration. 

Distribution of Heparin Complement in Plasma—A sample of 
citrated human plasma was half saturated with ammonium sul- 
fate, and the globulins were separated. From the filtrate the frac- 
tion insoluble at 75 per cent saturation was removed. The filtrate 
thus obtained was concentrated to about half its volume by ultra- 
filtration through a collodion membrane at 600 mm. pressure (10), 
and brought to 100 per cent saturation. The resulting precipitate 
was removed. The fractions insoluble at 50 per cent and 75 per 
cent saturation were reprecipitated. The various plasma com- 
ponents were dialyzed in the cold against running water and physi- 
ological saline, and tested at neutral pH.’ 

Table III presents the activity of these fractions when tested 
with a thrombin solution diluted five times, and a fibrinogen solu- 
tion, both prepared from human plasma. The heparin concentra- 
tion was 0.3 per cent. A contro] solution containing thrombin, 
heparin, and saline clotted the required volume of fibrinogen in 
less than 15 seconds. The activity of a similar series of fractions 
obtained from normal horse serum on the same clotting system is 
given in Table IV. 

In view of the activity displayed by the globulin fraction (see 
Experiment 1 in Tables III and IV) the amount of albumin 
contained in the human globulin (Table III) was determined by 
means of electrophoretic analysis. This was done in collaboration 
with Dr. D. H. Moore by the method of Tiselius (11) as modified 
by Svensson (12). The determination, carried out in 0.15 m 
sodium chloride and 0.02 m phosphate buffer at pH 7.40, indicated 


3 The filtrate, after removal of the fraction insoluble at 100 per cent 
saturation, was concentrated to 18 per cent of its original volume by ultra- 
filtration. This solution contained a minimal amount (0.28 per cent) of 


protein. 
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that the fraction contained 23 per cent albumin. The globulins 
were, therefore, reprecipitated by the method of Howe (6) and 


Taste III 


Effect of Fractions from Human Plasma on Heparin Action 


Clotting time of fibrinogen, min. 


Experiment Plasma N per ce. pro- 
No. fraction* tein solution - 
1 2 3 120 
mg. 
1 50% 2.0 - én = ~ 
2 50% 1.0 + 
3 75% 2.0 _ — _ - 
$ 75% 1.0 = _ _ - 
5 15% | 0.5 - + 
6 - oe) a oe - = “ 
7 10% | 1.0 = oe ~ 7 
8 100% ~=—s| 0.5 - — + | 
9 Albumin | 2.0 — — — ~ 
10 a fT 7 ae _ a fd 
11 0.5 - + 
+ = clot; — = noclot. 


* 50, 75, and 100 per cent represent the plasma fractions insoluble at 
these ammonium sulfate concentrations. The albumin was _ prepared 
according to Howe (6). 


TaBLe IV 


Effect of Fractions from Horse Serum on Heparin Action 


ae 


Clotti ‘ ‘ 
ete ee N er oo. Clotting time of fibrinogen 
No. fraction* uti ” 
solution 15 sec. 2 min. 20 min. 25 min. 
| mg 
] 50% 2.3 - — - -” 
2 50% | 1.2 = y 
3 75% 1.1 - - : r 
t 75% 0.55 - t 
5 100% 1.2 + 
+ = clot; — = noclot 


* 50,75, and 100 per cent represent the plasma fractions insoluble at these 


ammonium sulfate concentrations. 


tested again. It was found that the heparin complement was 
removed by this procedure, as shown by Table V. 








18 


id 








M. Ziff and E. Chargaff 693 


Crystalline albumin from human plasma‘ displayed no heparin 
complement activity even when freshly prepared solutions of the 
TABLE V 
Effect of Globulin Fractions from Human Plasma on Heparin Action 


Clotting time of fibrinogen 


Experiment No. GaSe ye N per ce. globulin 
1 min. 60 min. 
mg. 
l G-! 1.20 | _— de 
2 G-2 1.28 + 
+ = clot; — = noclot. 


* Fraction G-1 was a globulin obtained from human plasma at 50 per cent 
ammonium sulfate saturation (see Experiment 1, Table III); Fraction G-2 
the globulin resulting from the reprecipitation of Fraction G-l by the 
Howe procedure (6). 

TaBie VI 
Crystalline Albumin and Heparin Complement Activity 


Clotting time of fibrinogen 


Ex- N per = 
PA Albumin fraction® “.% | With heparin Without heparin 
No. solution) 30 25 120 30 3 5 10 
| | sec. | min. | min. | sec. | min. | min. | min. 
' mg 
l Crystalline 9.0 | + oo 
2 - 4.5 + + 
4 | 
3 75% 2.7 pr he _ _ - _ ae 
4 100% 1.2 - — _ + 
5 | Soluble at 100% 2.2 — —- + — + 
6 | Albumin (Howe) 1.4 —-j;- — = _ = + 
+ = clot; — = noclot. 


* 75 and 100 per cent represent the fractions insoluble at these ammonium 
sulfate concentrations. The fraction soluble at 100 per cent (Experiment 
5) was obtained by concentration of the filtrate after removal of the fraction 
insoluble at 100 per cent saturation. 


solid were tested. In Table VI its activity is compared with that 
of a number of albumin fractions from human plasma in the pres- 


‘The human crystalline albumin was obtained from Dr. F. E. Kendall 
of the Research Division for Chronic Diseases, Welfare Island, New York. 
We are greatly indebted to Dr. Kendall for several specimens of this 
substance. 
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ence and absence of heparin (7). The fraction “soluble at 100 per 
cent” (Experiment 5) was obtained by concentration of the di- 
alyzed filtrate after removal of the material precipitated at 100 
per cent saturation. The clotting system was the same as in Table 
ITT. 

Two samples of serum mucoid obtained from Dr. K. Meyer of 
this College were tested. One sample was from ox serum and 
contained N 11.4, hexosamine 6.3; the other was from horse serum, 
with N 11.9, hexosamine 5.2. Both substances were inactive. 

The activity of albumin solutions stored in the cold did not de- 
crease rapidly. Solutions prepared by Howe’s method were still 
active after 50 days. 

DISCUSSION 

There exists a critical relationship between the anticoagulant 
activity of heparin and the relative concentration of heparin com- 
plement and thrombin (Tables I to III). For this reason the oe- 
currence of clotting in a system containing thrombin, fibrinogen, 
and heparin may depend entirely on the concentration of the 
heparin complement. It is possible that the relationship between 
heparin complement and thrombin is a factor in pathological con- 
ditions. The concentration of this complement in the blood may 
be the determining factor in individual responses to heparin. It 
may be mentioned that recently a case of hemorrhagic diathesis 
has been reported (13) which was associated with a circulating 
anticoagulant, although no free heparin could be detected in the 
blood stream. 

Crystalline albumin and serum mucoid are inactive. There was 
no appreciable difference in activity among the various other albu- 
min fractions tested (see Tables III and IV) with the sole exception 
of Experiment 5 in Table IV. The globulin fraction prepared by 
ammonium sulfate precipitation contained sufficient albumin to 
be active; this was, however, removed by the Howe procedure. 
The occurrence of albumin in ammonium sulfate-precipitated 
globulin has been observed by McFarlane (14) using the ultra- 
centrifuge. He found as high as 43 per cent albumin in a globulin 
precipitate from normal human serum. In our sample the pres- 
ence of 23 per cent of albumin was detected by means of electro- 
phoretic analysis. 
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It is at present impossible to state whether the ability to act as 
heparin complement is limited to a specific component of the 
albumin fraction. It may be significant that, with the sole ex- 
ception of crystalline albumin, all albumin fractions tested dis- 
played some activity. Speculation on the chemical reactions 
underlying the complement effect here discussed will have to be 
deferred until more data are available. 


It is a pleasure to acknowledge the helpful advice rendered by 
Dr. H. 8S. Simms of this College and by Dr. F. E. Kendall of the 
Research Division for Chronic Diseases, Welfare Island, New 
York, in certain phases of the experimental work. 


SUMMARY 


The distribution of the protein factor in plasma which comple- 
ments the effect of heparin on thrombin is discussed. Crystalline 
albumin from human plasma, in contrast to most other albumin 
fractions tested, is devoid of activity. 
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THE ISOLATION OF 7(8)-HYDROXYCHOLESTEROL FROM 
THE SERUM OF PREGNANT MARES* 
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(Received for publication, August 5, 1940) 


Little information is available as to the chemical nature of 
that portion of the unsaponifiable matter of blood serum which 
is not cholesterol. The only other sterol known to occur is 
8-cholestanol, which Schoenheimer (1) isolated in small amounts 
from a pathological human serum. The presence of other com- 
pounds related to cholesterol has been repeatedly suggested, 
mainly on the ground that the unsaponifiable matter after re- 
moval of the cholesterol with digitonin contains substances giv- 
ing the Liebermann-Burchard reaction (2-5). Another uniden- 
tified entity is the digitonin-precipitable “oxycholesterol’”’ of 
Lifschiitz (6, 2), demonstrable by the color reaction bearing his 
name, as well as by the trichloroacetic acid reaction of Rosen- 
heim. 

In the hope that the isolation and identification of some of these 
constituents of the serum would add to our yet very scanty knowl- 
edge of sterol metabolism, we subjected the unsaponifiable mat- 
ter of pregnant mare serum to systematic fractionation. This 
type of serum was chosen primarily because the lipid fraction, 
a by-product in the manufacture of gonad-stimulating hormone, 
was available to us in large quantities. It may safely be as- 
sumed that at least qualitatively similar results would be obtained 
with normal horse serum. From the alcoholic fraction a digitonin- 
precipitable sterol, 7(8)-hydroxycholesterol, has been isolated. 
This compound is not new; Barr, Heilbron, Parry, and Spring 
(7) prepared it in 1936 by oxidation of cholesterol acid phthalate 


* This work was carried out with the aid of a grant from the John and 
Mary R. Markle Foundation. 
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with alkaline permanganate, and proved its structure by con- 
version to 7-dehydrocholesterol, but to our knowledge it has not 
previously been encountered in biological material. Interestingly 
enough, its dextrorotatory epimer, 7(a)-hydroxycholesterol, has 
been shown by Haslewood (8) to occur in the unsaponifiable mat- 
ter of ox liver. The identity of our isolated compound with the 
levorotatory isomer of Barr et al. was established by comparison 
with a sample prepared by the method of these workers. The 
melting point behavior of the natural as well as of the synthetic 
preparation showed some peculiarities, which we ascribe to the 
existence of solvated and solvent-free forms, which tend to give 
mixed crystals with each other. This obscured the mixed melting 
point determinations; however, crystal form, solubility properties, 
and specific rotations left no doubt as to the identity of the 
two preparations. Moreover, the properties of the respective 
dibenzoates showed full agreement. 

The method of isolation of 7(8)-hydroxycholesterol is described 
in the experimental part. The sparing solubility of the diol in 
cold petroleum ether or pentane facilitated a partial removal of 
the cholesterol when the latter predominated in the mixture; 
for complete separation, adsorption of the acetates on aluminum 
oxide and fractional elution proved indispensable. The strong 
blue color given by the compound when dissolved in trichloroacetic 
acid (Rosenheim reaction) was employed as a guide in following 
the compound through the various fractionation steps. 

Owing to the scattering of material unavoidable in an explora- 
tory investigation and the undoubtedly heavy losses incurred in 
the fractionation, it is difficult to give an estimate of the amounts 
of 7(8)-hydroxycholesterol present in the unsaponifiable matter 
of the original serum. Starting from about 150 gm. of unsaponifi- 
able matter we obtained from our best fraction 234 mg. of crude 
crystalline material, which yielded 84 mg. of the pure compound; 
an additional 70 mg. of somewhat less pure diol were obtained 
from the mother liquors and from other fractions. Taking into 
account the numerous side fractions, we may assume that the 
actual concentration in the unsaponifiable matter is probably 
several tenths of 1 percent. On the other hand, we have evidence 
that not all of the chromogenic material in the final fractions is 
represented by 7(8)-hydroxycholesterol. In working up the 
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mother liquors of the diol we obtained a product crystallizable 
from absolute ether which exhibited a lower levorotation (—26°) 
than either 7(8)-hydroxycholesterol (— 90°) or cholesterol (—38°). 
From methanol, in which it is much more soluble than 7(§)- 
hydroxycholesterol, this material deposited as a semicrystalline, 
gelatinous mass, reminiscent in appearance of the epimeric mixture 
of 7-hydroxycholesterols which is obtained by reduction of 7- 
ketocholesterol with aluminum isopropylate. The possibility 
exists that the dextrorotatory epimer, which is known to occur 
biologically (8), is likewise present in the diol fractions. The sub- 
stance in question cannot be 7-dehydrocholesterol, because the 
latter is more strongly levorotatory than 7(8)-hydroxycholesterol. 
An inquiry whether the isolated compound bears some relation- 
ship to the “oxycholesterol”’ which Lifschiitz (6, 2) detected, by 
means of his color reaction, in the unsaponifiable matter of blood 
and of various organs, seems hardly profitable. Chemical and 
physical data, other than spectroscopic, on this entity are entirely 
lacking. Lifschiitz was able to prepare from cholesterol by 
oxidation and other chemical means resinous products which 
possessed identical chromogenic properties and the composition 
Cy;HO: required for a hydroxycholesterol (9), and the fact 
that such a preparation, made from cholesterol dibromide by 
treatment with sodium acetate, was shown by Rosenheim and 
Starling (10) to contain a diol later identified as A*-cholestenediol- 
3,6 (11) has little bearing on the problem. The Lifschiitz test is 
certainly not specific, as it is given not only by Rosenheim’s diol 
but also by a- and 8-7-hydroxycholesterol, and probably by all the 
numerous sterols that yield a blue color in the Rosenheim test. 
Of greater interest are the numerous reports that “oxycholes- 
terol’ is formed from cholesterol by the influence of light, heat, 
and oxygen (12-16), and by aeration of aqueous colloidal solutions 
in the presence of soaps (15). Indeed, Bischoff (16) could not 
obtain a positive Lifschiitz reaction on the unsaponifiable matter 
of blood, brain, and egg yolk when oxygen was excluded in the 
operations requiring heating, and he therefore doubted the exist- 
ence of preformed “oxycholesterol.” The question may then 
be asked whether the compound isolated by us is of true biological 
origin. Conditions, especially during the large scale operations, 
may have approximated those in the experiments quoted. To the 
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work done in our laboratory, beginning with the saponification 
of the lipid fraction, this applies only to a limited degree, since all 
procedures requiring heat or prolonged standing, as well as the 
vacuum distillations, were carried out in an atmosphere of nitro- 
gen, and all solutions at rest were kept in the dark refrigerator. 
Nevertheless the mother liquors of the first crude cholesterol 
fraction gave a distinct Rosenheim reaction. A similar result, 
moreover, was obtained in two small scale experiments with 1.3 
liters of pregnant mare serum and 3.7 liters of normal horse serum, 
which were collected from individual animals. In these all 
operations, from the drawing of the blood on, were conducted with 
the least possible delay and all practicable precautions against 
oxidation by air and light were taken. The succinates prepared 
from the cholesterol mother liquors gave the color reaction, which 
also points to the existence of preformed chromogenic products in 
serum. However, in working with the large quantities necessary 
in the search for new compounds it is virtually impossible to 
exclude all factors which might favor the formation of artificial 
“oxycholesterol,” so the question of the source of any isolated 
compound giving the Lifschiitz reaction is unanswerable. It is 
clear that the approach to this problem must be made by trying 
to establish the nature of the ‘“‘oxycholesterol’’ formed from 
cholesterol. The yield of pure 7(8)-hydroxycholesterol repre- 
sented a substantial portion (about 30 per cent) of the cholesterol- 
free, Rosenheim-positive fractions. On purely chemical grounds 
the possibility that 7(8)-hydroxycholesterol may have been formed 
by such accidental oxidation seems remote. If, on the other hand, 
in vitro oxidation to a well defined substance actually takes place 
with such facility, it can well be argued that an identical reaction 
may occur also under biological conditions; a line of thought, 
incidentally, which also underlies the work on the artificial prepa- 
ration of “oxycholesterol”’ (Lifschiitz, Rosenheim). 

Our finding bears suggestively on the question of the biological 
origin of provitamin D,, 7-dehydrocholesterol, which has been 
shown by Windaus (17) to occur in a variety of mammalian tissues. 
Both a- and 8-hydroxycholesterol can be dehydrated by way of 
the dibenzoates to the provitamin, and may well also figure as 
intermediates in its biological formation. 
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EXPERIMENTAL 


The starting material' was the lipid fraction (about 750 gm.) 
from some 150 liters of pregnant mare serum, obtained by precipi- 
tation of the serum proteins with acetone, which probably elimi- 
nated most of the phospholipids. The extract was saponified 
with 10 per cent potassium hydroxide in 90 per cent methanol by 
allowing the mixture to stand at room temperature for 7 days in 
an atmosphere of nitrogen. It was then exhaustively extracted 
with purified, low boiling petroleum ether in a continuous ex- 
tractor. The material extracted by the first charge of petroleum 
ether was subjected to a second saponification for 12 days. The 
subsequent charges on concentration in vacuo deposited a clean 
looking, crystalline precipitate, which was separated by filtration. 
The complete removal of soaps from the rest of the petroleum 
ether-soluble products proved somewhat troublesome. Only 
after most of the soaps and other disturbing substances had been 
eliminated by extraction of the dry residue with acetone, in which 
they remained undissolved, could the remainder be effectively 
washed out of the ether or petroleum ether solutions with aqueous 
potassium carbonate. The crystallizable portion of the neutral 
fraction was then subjected to an extensive fractionation, in 
which methanol, petroleum ether, and acetone were employed as 
solvents. 50 gm. of almost pure cholesterol (m.p. 146-147°, 
[a], = —38.8° in chloroform), which gave no trace of blue color 
with trichloroacetic acid, were thus isolated. The rest of the 
material was largely contained in two fractions, 26.3 gm. of me- 
thanol-soluble products (Fraction A), and 70.8 gm. of a reddish 
brown oil, which was almost insoluble in methanol (Fraction B).? 


1 We wish to express our sincere thanks to Dr. E. Schwenk of the Scher- 
ing Corporation, Bloomfield, New Jersey, for making this material avail- 
able to us. 

?The solubility properties of Fraction B suggested that it consisted 
at least in part of hydrocarbons. Small amounts of similar material were 
obtained from Fraction A after removal of the alcohols as acid succinates 
and of the ketones with Girard’s reagent. These were subjected to further 
fractionation with methanol, and finally to fractional distillation in a high 
vacuum. No crystalline products could be isolated. Analysis of one of 
the distilled fractions showed that it consisted entirely of hydrocarbons. 
Since it appeared doubtful that all of the methanol-insoluble material 
was of biological origin, we prepared the unsaponifiable matter from 1.3 
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Fraction A was separated into alcoholic and non-alcoholic 
fractions by means of succinic anhydride and pyridine (18), 
The crude acid succinates were thoroughly extracted with pe- 
troleum ether at room temperature; the undissolved residue (10 
gm.) consisted mainly of cholesterol acid succinate. The oily, 
petroleum ether-soluble material was dissolved in methanol and 
treated with an excess of lead acetate dissolved in the same solvent, 
in the hope that differences in the solubility of the resulting lead 
salts in organic solvents might effect a separation of the residual 
alcohols. A dark brown oil deposited, which was extracted with 
several portions of ether at room temperature, leaving a granular 
residue. The methanol supernatant was diluted with water and 
extracted with ether. Three lead salt fractions were thus ob- 
tained, (1) one soluble in methanol, (2) one soluble in methanol, 
but insoluble in ether, and (3) one insoluble in both these solvents. 
To remove the lead, each of these fractions was distributed between 
dilute hydrochloric acid and ether; the ether residues were sa- 
ponified at room temperature (4 days) with 5 per cent methy! al- 
coholic potassium hydroxide. Not all of the saponified material 
could be extracted with petroleum ether after the addition of 
water. The aqueous phase was therefore concentrated in vacuo, 
and the extraction repeated with ethyl ether. The distribution 
of material in the resulting six fractions (petroleum ether residues, 
Fractions la, 2a, 3a, and ether residues, Fractions 1b, 2b, 3b) 


liters of pregnant mare serum and 3.7 liters of normal horse serum, and 
fractionated it in a similar manner. Strict precautions against accidental 
contamination with foreign matter were taken. The total lipid fractions 
were obtained by treatment of the serums with 5 volumes of ether-alcohol 
(1:1). The phospholipids were removed by precipitation with acetone; 
ethyl ether instead of petroleum ether was used for the extraction of the 
unsaponifiable matter. The yields of products free from alcohols and 
ketones indicated that no more than 5.6 and 3.7 per cent of the unsaponifi- 
able material (from pregnancy serum and normal serum respectively) be- 
haved like hydrocarbons. We conclude from these results that, though 
small amounts of hydrocarbons are probably present in serum, the cor- 
responding fraction in our large batch must have been derived largely from 
contaminations introduced during the factory operations. The normal 
horse serum for the above experiments was made available to us by Dr. W. 
G. Malcolm of the Lederle Laboratories, Inc., Pearl River, New York, and 
the pregnant mare serum by Mr. W. O. Osborn of the Ben Venue Labora- 
tories, Inc., of Cleveland, Ohio; we wish to extend to them our sincere 


thanks for these gifts. 
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was as follows: Fractions 1a 0.738 gm., Fraction 1b 0.247 gm.’ 
Fraction 2a 1.20 gm., Fraction 2b 0.364 gm., Fraction 3a 1.416 gm.’ 
and Fraction 3b 0.558 gm. All six fractions gave a strong Rosen- 
heim reaction, but subsequent work showed that the largest 
amount of the diol was present in Fraction 3a. This fraction 
was extracted in a 50 cc. centrifuge tube, with 20 ec. of pentane, 
by stirring the suspension for a few minutes after short initial 
boiling. ‘The insoluble material, a gelatinous mass, was centri- 
fuged and the extraction repeated twice with the same amount 
of pentane, and then with two 10 ce. volumes of petroleum ether 
(b.p. 40-60°). The insoluble residue (433 mg.) was acetylated 
with acetic anhydride and pyridine at room temperature. The 
acetylated produce (514 mg.) was dissolved in 25 cc. of pentane 
and passed through a column of Brockmann’s aluminum oxide 
(250 X 12 mm.). The column was washed in succession with 
75 cc. of pentane, 100 cc. portions of pentane-benzene (9:1, 8:2, 
6:4, 4:6), benzene, and finally acetone. The filtrate was cut 
for every ingoing 25 cc. The 8:2 pentane-benzene washings left 
on evaporation a colorless, mostly crystalline residue, which on 
purification yielded cholesterol acetate. The Rosenheim-positive 
products, colorless oils, were mostly contained in the 6:4 and 4:6 
pentane-benzene washings (274 mg.). To assure the complete 
removal of cholesterol the absorption procedure was repeated on 
this fraction. The Rosenheim-positive material was distributed 
as before; the 6:4 and 4:6 pentane-benzene fractions were saponi- 
fied separately with cold methyl alcoholic potassium hydroxide. 
Both solutions deposited needle-shaped crystals, which were 
centrifuged and washed with 90 per cent methanol (31 and 92 
mg.). Since both preparations possessed the same melting point, 
namely 179-184°, no marked fractionation of the chromogenic 
material had apparently been effected. The remainder of the 
fraction was recovered by ether extraction of the mother liquors 
(111 mg.). 

Fractions la, 1b, 2a, and the pentane-soluble partof Fraction 
3a were all treated separately with digitonin in 80 per cent alcohol. 
An excess of the reagent and prolonged standing were necessary 
to make the precipitation complete. The sterols regenerated from 
the digitonides (209, 37.5, 550, and 288 mg. respectively) con- 
tained, as further fractionation and chromatographic analysis 
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showed, varying amounts of cholesterol and Rosenheim-positive 
products. Altogether about 200 mg. of the latter, free from choles- 
terol, were obtained from these fractions, but only 30 mg. of 
this amount could be recovered in form of the crystalline diol. 

Undoubtedly the procedure of isolation as described could be 
simplified in several respects, with probable advantage to the 
yield. The fractionation of the succinates as lead salts, which 
resulted only in a scattering of the diol without effectively sepa- 
rating it from the cholesterol still present, seems unnecessary. 
The soluble succinates could preferably be saponified directly, 
and the remaining steps applied to the digitonin-precipitable 
products only. We plan to repeat the isolation from a new batch 
of starting material in this manner. 

?(8)-Hydroxycholesterol—The combined crystalline fractions 
(123 mg.) yielded on two recrystallizations from methanol beauti- 
ful long needles melting at 183-186°. The whole preparation was 
dried for 3 hours at 110° and 12 mm. of Hg for the analysis and the 
determination of the specific rotation. The weight loss on drying 
was 7.3 per cent; calculated for 1 mole of methanol of crystalliza- 
tion, 7.37 per cent. 

Analysis—C2;HyO,. Calculated. C 80.52, H 11.52 

Found. ** 90.36, ** 11.25 
la] 3 = —96.8° (0.995 % in chloroform) 


A 3 X 107-* M solution of the dried preparation in alcohol showed 
no specific absorption in the ultraviolet region above 220 mu. 

With trichloroacetic acid the compound gives a deep blue color. 
The green pigment formed with Lifschiitz’s reagent, prepared as 
described by Blix and Léwenhielm (15), exhibited the typical 
band at about 630 mu. 

The digitonide crystallizes from 80 per cent alcohol in beautiful 
small needles. Precipitation takes place more slowly than from 
cholesterol solutions of comparable strength. 

The melting point of the original preparation (186°) was slightly 
depressed (183°) after drying at 110°. On recrystallization from 
methanol crystals indistinguishable in appearance from those of 
the undried sample were obtained, but their melting point was 
considerably lower (170-173°) and could not be raised by further 
erystallization. Still more puzzling was the behavior of the 
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material recovered from the chloroform solution used in the rota- 
tion experiment. It proved to be much more soluble in methanol 
than the original crystals; seeding with the sample melting at 
183° was of no avail. Large rods melting at 154-157°, quite 
different in appearance from the long, fine needles of the higher 
melting samples, were finally obtained from a small volume of 
methanol on prolonged standing in the refrigerator. This prepa- 
ration lost no weight on drying at 110° and 12 mm. of Hg for 
lhour. As was ascertained on another sample, prolonged heating 
at that temperature leads to decomposition. The same is true 
of the higher melting preparations. 


Analysis—C27H yO. Calculated. C 80.52, H 11.52 
Found. 7 i, ooo 


44.5 mg. of the diol, melting at 167-175°, were recovered from 
the combined mother liquors of the original crystals. The melting 
points on three subsequent recrystallizations from methanol were 
175-181°, 175-182°, and 176-179°. The last crop was analyzed 
after drying in vacuo at room temperature. 


Analysis—C27HyO2-CH;OH. Calculated C 77.35, H 11.60 
CoH uO2-H,0. «“ “ 77.08, 11.51 
Found. ~« e.an * Tee 


The product was then recrystallized once more from methanol. 
The melting point was now 167-171°. The optical rotation was 
determined on the desiccator-dry material. fa)?” = -—9].2° 
(0.704 per cent in chloroform). 

Synthetic 7(8)-hydroxycholesterol, prepared by the method of 
Barr et al. (7), showed the same irregularities in melting point 
behavior. In fact we never succeeded in raising the melting 
point to that of the diol isolated from serum, namely 186°, which 
corresponds to the value given by the English workers (185°). 
The highest melting point attained was 179°, but on subsequent 
recrystallization it fell to 169°. As with some preparations of 
the natural compound, irregular rises and drops were observed 
in the intermediate crystallizations. On account of these difficul- 
ties the mixed melting point determination could be carried out 
only with products differing by 8° in their melting points (171° 
and 179°). The mixed sample melted at 176°. The preparation 
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lost 4.24 per cent of solvent on drying at 110° and 12 mm. of Hg. 
The weight became constant after 1 hour. 
Analysis—C2H yO: Calculated. C 80.52, H 11.52 
Found. ** 80.60, “© 11.62 

The specific rotation ({a]2’ = —89.9°) of the (desiccator -dry) 
synthetic product, m.p. 169°, compared well with the value, 
—91.2°, obtained with a natural preparation melting at 171°. 
Furthermore, a weighed sample of the same material was dried 
to constant weight at 110° at 12 mm. pressure and its rotation 
determined. [a]®? on the basis of the original weight was again 
—89.9°, and —94.5° on the basis of the dry weight. It is probable 
that the value given by Barr et al., [a]! = —86.4°, was obtained 
with a preparation containing solvent. When the synthetic 
sample recovered from the chloroform solution was recrystallized 
from methanol, it exhibited the same peculiarities as the natural 
material, and a highly concentrated solution finally yielded rods 
mixed with a small amount of needles. 

The weight loss on drying in the above experiment was only 
5.50 per cent; the natural compound, m.p. 186°, under identical 
conditions, lost 7.3 per cent, which would account for 1 mole of 
methanol of crystallization. Taking into account all the ob- 
served facts, we are inclined to believe that the diol exists in two 
modifications, a high melting form, m.p. 186°, crystallizing in 
needles which contain 1 mole of methanol, and a low melting form, 
m.p. 154-157°, crystallizing in rods without solvent of crystalliza- 
tion. The products with intermediate melting points and solvent 
content are obviously mixed crystals of the two forms. If once 
the low melting form, which seems to be the more stable one, is 
produced, for instance, by drying, or the use of chloroform as a 
solvent, it is apparently not possible to secure again the fully 
solvated form by crystallization from methanol. 

7(8)-Hydroxycholesterol Dibenzoate—The dibenzoate was pre- 
pared from 40 mg. of a preparation of the natural diol melting at 
173° by allowing its solution in 1 cc. of pure pyridine and 0.5 ce. 
of benzoyl chloride to stand at room temperature for 24 hours. 
The reaction mixture was worked up in the usual way. The 
erystals obtained from the ether residue were washed with cold 
methanol, and then recrystallized once from 1:1 methanol-acetone, 
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and twice from absolute alcohol. 33 mg. of fine needles, m.p. 
155-156.5°, were obtained. 


Analysis—CwH;,0;. Calculated. C 80.60, H 8.92 
Found. “ &.4,'" 0. 
lalp = —112.5° (0.68 % in chloroform) 


A synthetic preparation (m. p. 169°) yielded on benzoylation 
needles of identical appearance and melting point (155-157°); this 
is somewhat higher than the melting point reported by Barr et al. 
for their dibenzoate (150-151°). The melting point of a sample 
mixed with the dibenzoate of the isolated compound showed no 
depression. [a]} = —110.4° (0.79 per cent in chloroform); 
Barr et al. found [a]!® = —105.3°. 

Our attempts to prepare the crystalline diacetate (m.p. 122°) 
described by Barr et al. were unsuccessful. Both preparations, 
from the natural and from the synthetic diol, failed to crystallize 
from dilute alcohol as well as from pentane. Distillation in a 
high vacuum at 120-140° likewise yielded only an oily product. 


SUMMARY 


A sterol not hitherto encountered in biological material, 7(8)- 
hydroxycholesterol, has been isolated from the unsaponifiable 
matter of pregnant mare serum. Its identity was established by 
comparison with the synthetic compound which Barr, Heilbron, 
Parry, and Spring prepared by oxidation of cholesterol acid 
phthalate with permanganate. 


The microanalyses reported in this paper were carried out by 
Mr. William Saschek. 
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STUDIES ON PITUITARY LACTOGENIC HORMONE 
IV. TYROSINE AND TRYPTOPHANE CONTENT* 


By CHOH HAO LI, WILLIAM R. LYONS, anp HERBERT M. EVANS 


(From the Institute of Experimental Biology and the Department of Anatomy, 
University of California, Berkeley) 


(Received for publication, August 12, 1940) 


It has been shown (1) that the solubility of sheep lactogenic 
hormone is greater than that of beef lactogenic hormone in 0.01 
x HCl solution. On the other hand, beef hormone was shown to 
be more soluble than sheep hormone in 0.1 m citrate buffer at pH 
6.36. It is therefore likely that as compared with beef, sheep lac- 
togenic hormone possesses more basic groups or fewer acidic groups 
in the molecule. Green et al. (2) have shown that horse and 
human carboxyhemoglobins differ in solubility, as demonstrated 
by the salting-out effect of phosphate ion, and the difference be- 
tween these two proteins has also been shown by amino acid deter- 
minations (3, 4). 

Of the amino acids, tyrosine and tryptophane are particularly 
interesting, the former usually being considered one of the con- 
stituents! essential for the specific biological réle of certain pro- 
teins. Its importance for the antigenicity of proteins is generally 
recognized. Furthermore, the phenolic hydroxyl groups con- 
tribute, to some extent, to the dissociation constants of proteins. 
The tryptophane content (6) is especially useful in estimating the 
minimal molecular weight of proteins, for this amino acid usually 
constitutes but a small fraction of the molecule. 


* Aided by grants from the Research Board of the University of Califor- 
nia, from the Rockefeller Foundation, from Parke, Davis and Company, 
and from the National Research Council Committee on Research in Endo- 
crinology. Assistance was rendered by the Works Progress Administra- 
tion, Official Project No. 665-08-3-30, Unit A5. 

! We (5) have recently shown that the tyrosine molecule is important for 
the biological activity of lactogenic hormone (iodination experiments). 
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EXPERIMENTAL 


The lactogenic hormone prepared from both beef and sheep 
pituitary, essentially in the manner described previously (7) 
contained approximately 30 I.v. in 1 mg. and behaved as a single 
substance in electrophoresis (8, 9) and solubility experiments. 

Lugg’s modification (10) of Folin and Ciocalteu’s method was 
used to determine the tyrosine and tryptophane content. 30 mg. of 
the final hormone preparation were dissolved with 0.5 cc. of 5 m 
NaOH in a small Pyrex test-tube. The sealed test-tube was then 
put into a steam bath for about 35 hours. The hydrolysate was 
then diluted with water to 10 cc. in a volumetric flask. 1 cc. of 
5 N H,SO, was added to 4 cc. of centrifuged solution and the deter- 
mination of tyrosine and tryptophane was carried out essentially 
as described by Lugg. The color developed was measured in the 
Cenco-Sanford-Sheard photelometer with a blue filter. The ty- 
rosine and tryptophane content of the solution was read off from 
a calibration curve which was made with pure tyrosine and 
tryptophane. 


Results 


Table I gives the tyrosine and tryptophane content of three 
preparations of sheep and beef lactogenic hormone respectively. 
Each value is an average of at least two determinations. It will 
be seen that the tyrosine content of beef hormone (5.73 per cent) 
is definitely higher than that of sheep (4.53 per cent), while the 
tryptophane content? is practically the same in both. It is not 
likely that the difference in the solubility behavior of these two 
proteins can be completely explained by their tyrosine content and 
further determinations of the other amino acids will be necessary 
to explain this phenomenon. 

It is of interest to note that the tyrosine and tryptophane con- 
tent of lactogenic hormone as given by Riddle and Bates (11) 
differs from our results. They reported that their preparations 
contain about 2.0 per cent tyrosine and 3.0 per cent tryptophane. 
Recently White and Lavin (12) demonstrated the presence of 


? The experimental error of tryptophane determination is shown by Lugg 
to be at least 5 per cent. The difference existing between beef and sheep 
preparations is obviously within the experimental error. 
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TABLE I 
Tyrosine and Tryptophane Content of Lactogenic Hormone As Prepared from 


Beef and from Sheep Pituitaries 


Trypto- 


Preparation i Tyrosine | -tyYPto- |Preparation an 
No. Origin Tyrosine phane No. Origin Tyrosine phane 
per cent per cent per cent per cent 
L283 Beef 5.64 1.37 L288 Sheep 4.63 1.30 
L287 - 5.92 1.47 L292 1.20 1.28 
L293 % 5.63 1.10 1,299 si 4.75 1.00 
Average 5.73 1.31 1.53 1.19 


tyrosine and tryptophane in their preparations by the ultraviolet 
absorption spectrum but no quantitative data were given. 

As calculated from the tryptophane content, the minimal 
molecular weight of pituitary lactogenic hormone of both sheep 
and beef origin would approximate 15,000. As far as we have 
been able to learn, no protein contains more than 3 molecules of 
tryptophane. It follows that, unless lactogenic hormone is an 
exception, its molecular weight cannot exceed 45,000. 


SUMMARY 


The tyrosine and tryptophane content of sheep and beef pitui- 
tary lactogenic hormone has been determined and it was found 
that they contained practically the same amount of tryptophane 
(1.19 to 1.31 per cent), whereas the tyrosine content of beef hor- 
mone (5.73 per cent) was higher than that of sheep hormone (4.53 
per cent). This finding may be said to support the evidence 
previously obtained from solubility studies that lactogenic hor- 
mone exhibits a species specificity. 
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A METHOD FOR THE DETERMINATION OF THIAMINE 
AND CERTAIN OF ITS METABOLIC 
PRODUCTS IN URINE 


By ALFRED 8S. SCHULTZ, LAWRENCE ATKIN, anp 
CHARLES N. FREY 
(From The Fleischmann Laboratories of Standard Brands Incorporated, 
New York) 


(Received for publication, August 10, 1940) 


The fermentation method for the determination of thiamine 
(1, 2) has been successfully applied to the analysis of numerous 
plant and animal tissues (3, 4). It has also been applied to 
metabolism studies (5, 6) in which the thiamine content of urine 
was determined. As noted at the time, it was recognized that 
the stimulation of fermentation caused by urine was due not 
entirely to thiamine itself but in part, at least, to metabolic 
breakdown products of thiamine. ‘This partial lack of specificity 
(only partial since the non-thiamine stimulatory substances are 
- considered to be related to thiamine) did not appear to affect the 
conclusions of those studies. It should be valuable, however, 
to be able to distinguish between thiamine and its breakdown 
products, because such information may have clinical signifi- 
cance. 

As reported elsewhere (7), we have found that the oxidation of 
thiamine to thiochrome renders it inactive with regard to the 
fermentation{ test. On the other hand the partial destruction 
(by splitting ‘or otherwise) of the thiamine molecule renders it 
unable to form the thiochrome structure and hence it retains its 
activity for the fermentation test. The conditions necessary for 
the differential oxidation of the thiamine-related substances in 
urine form the subject of this communication. With this method 
we have examined a series of human urines. By way of control 
the same samples were assayed by Light, Cracas, and Frey 
employing an improved rat growth method to be published 


shortly. 
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Apparatus 


In addition to the usual equipment for making the fermenta- 
tion test, a source of nitrogen (tank) and a manifold with three 
outlets are required. To each outlet is attached a short length 
of rubber tubing having a screw-clamp for constriction. Gas 
delivery tubes (about 6 mm. outside diameter) are directed to 
the bottom of cut down glass cylinders which are made by trim- 
ming broken 100 ml. cylinders to about the 30 ml. mark. The 
pressure of the nitrogen is conveniently maintained at about 
2 cm. of Hg by a simple T-tube pressure release arrangement at 
some point between the tank and the manifold. 

Reagents 

Potassium ferricyanide. 2 per cent aqueous solution, prepared 
daily. 

Sodium hydroxide. 2 N. 

Sulfuric acid. 1 N. 

Isobutyl alcohol. 

Thiamine. 10 y per ml., prepared daily from a strong stock 
solution (1 mg. per ml.) which is kept refrigerated. 

Boiled yeast solution. 3 gm. of moist yeast (such as is used to 
make the fermentation test) is suspended in water, acidified to 
Congo red, boiled, and made to 100 ml. when cool. 


Procedure 


In one cylinder (A) place about 20 ml. of the ferricyanide solu- 
tion and pass a steady stream of nitrogen through it (200 to 300 
bubbles per minute). In another cylinder (B) place about 20 
ml. of the urine under test and pass N: through it also. In a third 
cylinder (C) place 5 ml. of NaOH and a drop of isobutyl] alcohol. 
Pass N; through Cylinder C for 5 minutes and then by pipette 
transfer 4 ml. of urine from Cylinder B into Cylinder C, and fol- 
low this with 2 ml. of ferricyanide solution from Cylinder A. 
Now add 10 ml. of H,SO, and stop the Nz stream. Adjust the 
reaction to neutral (with neutral litmus paper) and, noting the 
volume, pour into one of the fermentation test reaction bottles. 
Rinse with a known volume of water. A subsequent fermenta- 
tion test tells how much thiamine was destroyed by oxidation. 
Since experience shows that the efficiency of oxidation of thiamine 
in urine is less than 100 per cent, a parallel efficiency test with the 
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same urine is made. A mixture of the urine and the dilute 
thiamine solution is made so that 5 ml. of the mixture represent 
4 ml. of urine and 1 ml. of thiamine solution; 7.e., 10 y of thiamine. 
5 ml. of this mixture are treated exactly like the original urine. 
The difference between the results with the original urine and 
the urine with added thiamine is used to compute the per cent of 
efficiency of the oxidation. 

In the fermentation test proper, controls having two different 
known amounts of thiamine are employed. In this case it is 
desirable to use 0 and 2 y as controls to avoid having to oxidize 
too much material. Furthermore it is best to have the mixture 
of salts, etc., present in the controls to avoid any interference due 
to a salt effect on the relation between the controls and the un- 
knowns. Since it is desired to have present in the control reac- 
tion a mixture similar to that of the unknowns, a portion of the 
ferricyanide is reduced. 1 ml. of the boiled yeast solution is 
put through the same oxidation procedure as the urine. This 
quantity of yeast will have about 0.3 y of thiamine before oxida- 
tion but afterwards will have only the slightest trace. Two of 
these are prepared, one each for the 0 and 2 y controls. 


Interpretation of Results 

The urines are first analyzed by the usual fermentation test 
technique and the results expressed as fermentation vitamin B; 
i.e., the stimulatory effect is measured in terms of thiamine. 
Table I gives the details of an analysis of two urines. Urine I 
is a normal 24 hour sample and Urine II represents the urine of a 
normal individual to whose diet 2.1 mg. of thiamine had been 
added. 

The efficiency is obtained from the difference in the residual 
vitamin B, by fermentation, after oxidation of a portion of urine, 
with and without added thiaminé. In the case of Urine I the 
difference is 1.3 y, which means that 87 per cent of the added 
10 y has been oxidized. 


Comparison of Results with Animal Tests 


Table II gives the results of a series of analyses performed by 
both the method described and a rat growth method. When one 
considers that a precision greater than 15 per cent for vitamin B, 
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is seldom claimed for animal methods, the results show a satis- 
factory agreement. The concentration of metabolic products 


TABLE I 


Thiamine and Metabolic Products of Thiamine in Urine by 
Fermentation Method 





Urine I Urine II 
24 hr. urine diluted to, ml. ; 2000 2000 
Total fermentation vitamin B, (in thiamine equiva- 
lents), y 700 2000 
Fermentation vitamin B, in a 4 ml. aliquot, y 1.4 | 4.0 
Residue after oxidation of 4 ml. aliquot, y - Be 4 1.4 
2 = 3 Ta ny + 10 ¥ thi- 
amine, y 2.4 2.9 
Efficiency of oxidation (calculated from above), % 87 85 
Total residue after oxidation (not corrected for effi- 
ciency), y 550 700 
Total residue after oxidation (corrected), y 528 471 
Total thiamine (true B;), ' 172 1529 


PraB.e Il 
Total Daily Output by Fermentation and Rat Growth Methods 


Total | True vitamin 
v itamin 31 
Sub- B: equi- Differ- 
ro Urine com posite Diet 7. Fer- mat eee 
—_ menta-| menta- growth methods 
ti t 
maethed ated method 
oa y | + | + | percent 
l Sept. 7-10 | Normal 806 | 498 | 498 0.0 
2 - 7-10 ™ 848 342 400 | +16.9 
3 7-10 ‘ 1020 630 750 | +19.0 
4 - 7-10 | ” 942 660 616 —6.7 
5 ” 7-10 - 853 427 475 | +11.2 
6 - 7-10 - 854 507 507 0.0 
4 ‘¢ 24-27 | 21007 thiamine perday | 1856 | 1195 | 1352 | +13.1 
5 ‘¢ 24-27 | «2100 “‘ a villas 1748 | 1280 | 1173 | -—8.4 
6 rT 9 


24-27 | 2100“ ' “| 1907 | 1510 | 1359 | —10.0 


related to thiamine is obtained as the difference between total 
fermentation vitamin B,; and the true vitamin B,; and is most 
conveniently expressed in micrograms of thiamine equivalent. 

















a 
os 
“I 


Schultz, Atkin, and Frey 


SUMMARY 

A method is described for the rapid determination of the true 
vitamin B,; content of urine. 

The content of thiamine breakdown products in the urine 
which are still active in the fermentation test is also determined 
by this method. 

The method depends on the oxidative inactivation of the thi- 
amine molecule by alkaline ferricyanide and the determination 
of vitamin B, by fermentation before and after oxidation. 

The efficiency of the inactivation is determined by the pro- 
portion of a superimposed quantity of thiamine which is inac- 
tivated in a parallel test. 

Comparison of the results with the results of rat growth tests 
shows a satisfactory agreement. 
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THE EFFECT OF ADRENALECTOMY ON THE 
PHOSPHORYLATION OF VITAMINS 
B, AND B,; 


By JOSEPH W. FERREBEE 


(From the Departments of Medicine and Neurology, College of Physicians 
and Surgeons, Columbia University, and the Neurological Institute, 


New York) 
(Received for publication, August 3, 1940) 


Verzar, Hiibner, and Laszt (1) reported that livers of adrenal- 
ectomized rats contained less vitamin B, than livers of normal 
rats and that the vitamin was more easily removed by dialysis 
than was the case with normal animals. On the basis of this 
experiment they inferred that adrenalectomy interferes with the 
phosphorylation by which riboflavin is attached to the protein com- 
ponent of the yellow respiratory enzyme. Recently Laszt has 
apparently come to similar conclusions regarding vitamin B, (2). 
The following experiments were undertaken to obtain more infor- 
mation concerning the effect of adrenalectomy upon the phos- 
phorylation of vitamins B,; and Be. 


Methods 


Young male white rats of the Wistar strain weighing 80 to 100 
gm. were adrenalectomized bilaterally under ether anesthesia, by 
lumbar approach. Sham operations were performed on some of 
the litter mate controls. Five litters, twenty-one animals, were 
maintained following operation on a 10 per cent glucose solution 
containing approximately 10 y of thiamine and 5 y of riboflavin 
per cc. of solution. During the lst postoperative week this solu- 
tion also contained 1 per cent sodium chloride and 0.5 per cent 
sodium bicarbonate. Four litters, twenty-one animals, were 
placed on a low potassium diet and given sodium chloride in their 
drinking water during the Ist postoperative day. 

Within a few days after salt treatment was stopped, symptoms 
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compatible with adrenal insufficiency developed in all adrenal- 
ectomized animals: cold extremities, weakness, anorexia, weight 
loss. Several animals died with these symptoms, others were 
killed by decapitation at various stages of insufficiency, and in 
conformity with the symptoms of adrenal insufficiency, the adre- 
nalectomized animals were found to bleed much less than the 
controls. No adrenal tissue was found on gross examination at 
autopsy nor was any evidence found that death was due to 
causes other than adrenal insufficiency. 

After the animals were killed, approximately 2 gm. samples of 
liver and kidney were weighed out as quickly as possible and 
ground to as near the same dispersion as possible in an ice-packed 
mortar. The tissue mash for dialysis was immediately suspended 
in 150 cc. of ice-cold distilled water and placed inside previously 
tested cellophane sacs suspended in cylinders containing 450 ce. 
of ice-cold distilled water. In a few experiments the tissues were 
dialyzed against 0.02 m phosphate buffer at pH 7.4 without essen- 
tial difference in the results. A difference of pressure of 8 em. of 
water was secured between the inner and outer fluids by creating 
a partial vacuum over the outside fluid. This difference in pres- 
sure kept the sacs well distended and made it easier to keep the 
tissue suspension well agitated by a continuous stream of washed 
air bubbles passed in from the compressed air line. The whole 
dialyzing system was immersed in ice water at 5°. 

For determining the total amount of vitamin B. present before 
dialysis, duplicate samples of ground tissue were suspended in 
0.03 mM acetate buffer at pH 4.5, approximately 50 cc. per gm. of 
tissue, and the vitamins extracted by heating at 95° for 14 hours 
in the dark. The tissue suspensions in the cellophane sacs were 
similarly buffered and extracted following dialysis The coagu- 
lated and extracted tissue was removed by filtration and 1 ce. of 
10 per cent taka-diastase in 0.03 mM acetate buffer was added to 
the filtrates which were then incubated overnight at 37°. Asecond 
extraction of the cooked tissues with hot acetate buffer for 14 hours 
yielded 5 to 10 per cent as much vitamin as that obtained in the 
first extraction. Duplicates of the first extraction differed by 
5 to 10 per cent. The blank for the vitamin content of the taka- 
diastase solution was negligible. 

The amount of vitamin removed by dialysis was determined by 
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subtracting the amount of vitamin found in the dialyzed sample 
from the amount of vitamin found in the undialyzed sample on 
the basis of micrograms of vitamin per gm. of fresh tissue. The 
amount of vitamin B, removed by dialysis was also determined by 
measurement of the B, fluorescence in the dialysate. This meas- 
urement agreed well with the measurement obtained by the dif- 
ference between the vitamin contents of the dialyzed and un- 
dialyzed tissues. 

Vitamin B, was estimated in the incubated extracts by a direct 
measurement of fluorescence similar to that described for urine 
vitamin B, determinations (3). On irradiation with blue light 
the incubated extracts gave an apparently pure greenish yellow 
riboflavin fluorescence quite different from the milky opalescence 
obtained when unincubated tissue extracts were irradiated. The 
standard values for riboflavin fluorescence in 0.03 m acetate buffer 
could be used in the calculations of vitamin B. concentrations, 
since very little correction was required for the slight difference 
between the optical density of the incubated extracts and the 
optical density of the pure buffer. Permanganate oxidation has 
never seemed to make the slightest difference in the vitamin B, 
fluorescence readings in these extracts and is now usually omitted 
as is also the test for By fluorescence which involves hyposulfite 
reduction and reoxidation with atmospheric O2. These procedures 
do not appear to contribute to the specificity of the vitamin B, 
determination under the circumstances of these experiments. 

The amount of phosphorylated vitamin B, in the tissue extracts 
was estimated by determining the B, content of the tissue extracts 
before and after their incubation with taka-diastase. 1 gm. of 
potassium chloride was added to a 5 cc. aliquot of extract, and 
followed by 3 cc. of an alkali-ferricyanide mixture and 13 cc. of 
isobutanol. The thiochrome formed was immediately shaken out 
into the isobutanol and its fluorescence measured as described by 
Hennessey and Cerecedo (4). Blanks were run in some instances 
but can be omitted, particularly since they are close to the butanol 
blank. Before incubation almost all the vitamin B, of liver and 
kidney is phosphorylated if the tissues have been kept cold during 
the grinding and then quickly coagulated in the hot extracting 
buffer. Because phosphorylated vitamin B, (cocarboxylase) and 
its oxidation product, phosphorylated thiochrome, are only slightly 
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soluble in isobutanol, very little fluorescence appears in isobutanol 
extracts made from unincubated tissue filtrates. The increase in 
isobutanol-extractible fluorescence which follows taka-diastase 
incubation represents the amount of vitamin B, which was 
originally present in the tissue extract in a phosphorylated form. 


Results 


Effect of Adrenalectomy upon Concentration of Vitamins B, and 
B, in Rat Liver and Kidney—The data of Tables I to IV indicate 
that adrenalectomy did not affect the concentration of vitamins B, 


TaBLe | 
Effect of Adrenalectomy upon Vitamin B, in Rat Livers 
The animals were maintained on a solution of glucose and vitamins B, 


and B, 


Vitamin B: content Per cent removed. 


Operation per gm. fresh tissue 48 hr. dialysis 
Y 
None 27 60 + 10 
Unilateral adrenalectomy 24 60+ 5 
Bilateral ™ 25 50+ 5 


4 hr. dialysis 


Sham operation 15.5 I+ 5 
y wi 16.3 18 
Bilateral adrenalectomy 17.3 ll+ 3 
_ 23 17 
sj " 26 18 


and B, in the liver and kidney. No correlation could be found 
between the clinical condition of the animals and the concentra- 
tion of vitamins in their tissues. An animal moribund with 
adrenal insufficiency might have as much vitamin in its liver and 
kidneys as a normal animal. Among the animals of Table I, 
which received vitamin in their drinking water, the concentration 
of vitamin B, in the livers of the adrenalectomized animals was 
actually greater than it was in the control animals. Considerable 
variation in vitamin B, concentration was found among the ani- 
mals of Table IV but the variations were of the same order of 
magnitude in both the normal and the adrenalectomized group. 
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Effect of Adrenalectomy on Removal of Vitamin B; from Rat 
Livers by Dialysis—Two litters of animals maintained on a solution 
of glucose, salt, and vitamins B, and B, were used in the first part 
of this experiment (see “Methods’’). In Fig. 1 the results of several 
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Fig. 1. Dialysis of vitamin B, from livers of normal and adrenalec- 


tomized animals. The ordinate represents the total vitamin B; removed 
by dialysis, measured in micrograms per gm. of fresh tissue; the abscissa, 
the duration of dialysisin hours. The outer fluid was changed at each of the 
time intervals indicated on the abscissa. Curve A represents the vitamin 
B; dialyzed out of 1 gm. of fresh normal rat liver at 5° in 4 hours; Curve B, 
the amount dialyzed under similar conditions from a suspension to which 50 
v of synthetic riboflavin had been added; Curve C, the progressive dialysis of 
riboflavin from 3 gm. of ground normal rat liver containing 81 y of vitamin 
B:; Curve D, a similar curve for dialysis of riboflavin from 2 gm. of liver 
| taken from a unilaterally adrenalectomized animal ; Curve E, asimilar curve 
obtained with 1.8 gm. of liver from a completely adrenalectomized animal. 
The lines meeting at point F represent the dialysis of vitamin from fresh 
liver mashes of two adult rats, one normal and the other adrenalectomized 


bilaterally 9 days before the dialysis. 


dialysis experiments are presented. Curve A indicates that the 
amount of vitamin B, which can be dialyzed out of 1 gm. of ground 
fresh normal rat liver at 5° in 4 hours is very slight, 2 y or about 
10 per cent of the total amount present. Curve B indicates that 
in the same length of time and under similar conditions of dialysis 
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28 y of riboflavin can be dialyzed from a similar liver suspension 
to which have been added 50 y of synthetic riboflavin. This 
represents a dialysis of approximately 50 per cent (28 — 2 o 
26 y out of 50 y) of the riboflavin known to be present in this 
tissue suspension in a freely dialyzable form. 

Curve C represents the progressive dialysis of riboflavin from 
3 gm. of ground normal rat liver containing 81 y of vitamin B, 
The points on the curve indicate the amount of riboflavin removed 
at the various time intervals of the experiment. Curve D is a 
similar curve for the dialysis of riboflavin from 2 gm. of liver taken 
from a unilaterally adrenalectomized animal. Curve E represents 
the dialysis of riboflavin from 1.8 gm. of liver taken from a com- 
pletely adrenalectomized animal in good condition. The two lines 
meeting at point / represent the dialysis of vitamin from fresh 
liver mashes of two adult male rats that were maintained on a 
stock diet with added NaCl. One of these animals was normal; 
the other had been adrenalectomized bilaterally 9 days before the 
dialysis experiments were performed 

It is evident from Fig. 1 that adrenalectomy does not affect the 
shape of the dialysis curves. However, it is well to point out that 
this type of dialysis experiment, although suitable for comparative 
work, furnishes only presumptive information concerning the 
extent to which riboflavin is phosphorylated in vivo. There is no 
early break in Curves C to F to distinguish riboflavin which is free 
ante mortem from riboflavin which may be liberated by autolytic 
dephosphorylations, and since the slope of these curves is quite 
different from that of Curve B, it is entirely possible that part of 
the riboflavin in the 48 hour dialysates may have come from the 
slow postmortem breakdown of macromolecular compounds con- 
taining this vitamin. 

In Table I are summarized the results of these experiments and 
others in which dialysis was continued for only 4 hours to minimize 
the effect of autolysis. The amount of riboflavin found in the 
dialysate after 4 hours was between 14 and 20 per cent of the 
total, independently of whether the animals had a sham operation 
or were completely adrenalectomized, and independently of whether 
they were in good condition or weak with adrenal insufficiency. 

Effect of Adrenalectomy upon Phosphorylation of Vitamin B, in 
Rat Liver and Kidney—The experiments summarized in Tables II 








J. W. Ferrebee 725 


and III demonstrate that adrenalectomy has no significant effect 
upon the percentage of the total vitamin B, which is found unphos- 


TABLE II 
Effect of Adrenalectomy upon Vitamin B, in Rat Livers 


Vitamin B:| Per cent 
content per) removed 


Diet Upetason gm. fresh by 48 hr. 
tissue dialysis 
Y 
Low potassium Sham operation 3.7 45 
“se 3.6 15 
6 2.9 28 
Bilateral adrenalectomy 1.8 18 
- = 1.7 53 
| " 1.1 27 
Per cent 
not phos- 
phorylated 
(taka-dia- 
stase 
method) 
Low potassium, with vita-| None 12 14 
min B, (5-10 y per cc.) | sis 18 9 
in drinking water " | 22 10 
™ | 51" 25 
| Unilateral adrenalectomy 18 7 
| Bilateral 13 15 
- = 12 1] 
a xe | 10 14 
“ 56* 19 
Per cent 
not phos- 
| phorylated 
Solution of glucose, and None S 15 
vitamins B; and B, o 8 7.5 
Ss 7.5 
Unilateral adrenalectomy 1] 27+ 
Bilateral ‘ab 14 12 
an 14 10 
rT ‘6 7 | 20 
" 2 14 11 
" ie 5 10 
| “ce sé 15 | 5 


* Animal killed 40 minutes after a subcutaneous injection of 1 mg. of 


vitamin B; 
t Tissue allowed to stand several hours in the ice box. 
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Taste III 
Effect of Adrenalectomy upon Vitamin B, in Rat Kidneys 


Che animals were maintained on a solution of glucose and vitamins B, 


and Be 
Operation sora. bok Gaed phepieniied 
Y 
None 5 24 
q R 
s 18 
Bilateral adrenalectomy 5 24 
i s q 
Q R 
6 10* 


Animal found dead. 


Paste IV 

Effect of Adrenalecton j upon Concentration of Vitamin Be in Rat Laver 
and Kidne y 

Che animals were maintained on a low potassium diet without added 


vitamins but with added salt during the first 3 postoperative days 


Liver Kidney 
a Concentra- Concentra- 
aii Days post- | vitamin Bs | Days post- vitamin Br 
per gm. per gm. 
fresh tissue fresh tissue 
Y Y 
Sham operation 7 43 7 36 
= 7 10 10 23 
10 19 10 30 
10 20 10 30 
” - 10 i8 10 20* 
Bilateral adrenalectomy 7 33 7 40) 
‘3 sis 10 25 7 32 
_ - 10 16 10 17 
- P 10 15 
“ & 10 91" 
10 23° 


* Animals maintained on a stock diet 


phorylated in extracts of rat liver and kidney. A comparison of 
the data of Table II indicates that the adrenalectomized rat is 
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well able to phosphorylate and store vitamin B, added to its 
basal ration. In view of what has been said about the difficulty 
of interpreting dialysis experiments it is significant that the per- 
centage of vitamin B,; removed by 48 hours dialysis was con- 
siderably greater than the percentage found unphosphorylated in 
fresh tissue extracts. 

DISCUSSION 

In a series of publications Verzér and his coworkers have pre- 
sented experimental evidence which they interpreted as indicating 
that the cortex of the adrenal gland has some specific control over 
the phosphorylations involved in the utilization of glucose, fat, 
vitamin B,, and vitamin B,. They demonstrated impairment of 
fat and carbohydrate absorption in adrenalectomized animals and 
interpreted this finding as being related to a failure of phos- 
phorylation in the intestinal mucosa (5, 6). They were able to 
maintain adrenalectomized rats with phosphorylated vitamin B, 
but not with the unphosphorylated vitamin and inferred from this 
observation that a corticoadrenal hormone controls the phos- 
phorylation of riboflavin which makes possible the formation of 
yellow respiratory ferment (7). In substantiation of this view 
they presented evidence that the concentrations of vitamin B, 
and vitamin B, are less in the livers of adrenalectomized rats than 
in the livers of normal rats and that the ratio of phosphorylated 
to unphosphorylated vitamin is considerably decreased following 
adrenalectomy (1, 2). 

Unfortunately experimental confirmation of this attractive hy- 
pothesis relating corticoadrenal function with phosphorylation (8) 
does not appear to be forthcoming. Deuel, Althausen, Barnes, and 
their coworkers have suggested that the impairment of fat and 
carbohydrate absorption observed by Verzdér was due to shock 
and dehydration rather than specific lack of cortical hormone. 
In their experience (9-11) the absorption of fat and carbohydrate 
was normal when the adrenalectomized animals were given enough 
salt to prevent circulatory collapse. Moreover, Nelson (12) has 
found that phosphorylated riboftavin does not increase the survival 
time of completely adrenalectomized animals' and the experiments 


' It is significant that both Verzdr and Pijoan (13) found cortical tissue 
in the animals whose survival time they reported as increased by the 
administration of phosphoflavin (Pijoan, M., personal communication). 
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of the present paper indicate that the phosphorylation of both 
vitamin B, and vitamin B, is essentially normal following 
adrenalectomy. 
SUMMARY 

1. The phosphorylation of vitamins B,; and B, is essentially 
normal in adrenalectomized rats. 

2. The arguments against Verzdr’s thesis that adrenalectomy 
interferes with phosphorylation are briefly discussed. 
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NICOTINIC ACID DERIVATIVES IN HUMAN URINE AND 
THEIR DETERMINATION* 


By WILLIAM A. PERLZWEIG, EDWARD D. LEVY, 
AND HERBERT P. SARETT 
(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, August 8, 1940) 


This communication deals with a method of determination of 
nicotinic acid and its derivatives in human urine only, and with 
the application of the method to the study of the excretion of 
these substances in the urine normally and after the ingestion of 
nicotinic acid by human subjects. 

We were led to the elaboration of the proposed method because 
we failed to obtain reproducible and concordant results with the 
methods (1-9) published since the discovery of the vitamin 
activity of nicotinic acid in 1937 (10). The difficulties we en- 
countered may be grouped as follows: 

The varying conditions of preliminary hydrolysis with acid did 
not insure complete hydrolysis of the known nicotinic acid deriv- 
atives to nicotinic acid, and with alkaline hydrolysis yielded 
much higher and variable values. 

The other methods failed to take into account the presence in 
the urine of substances interfering with the final color reaction 
and of other extraneous pyridine derivatives, especially in smok- 


ers’ urines. 


* Part of the data of this article is taken from a thesis presented by 
Edward D. Levy in partial fulfilment of the requirements for the degree of 
Master of Arts in the Graduate School of Arts and Sciences of Duke Uni- 
versity, June, 1940. 

A preliminary report was made by the authors before the meeting of the 
American Society of Biological Chemists at New Orleans (Proc. Am. Soc. 
Biol. Chem., J. Biol. Chem., 188, p. Ixxiv (1940)). 

Aided in part from a grant to Dr. W. J. Dann for studies on pellagra 
made by the John and Mary R. Markle Foundation. 
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Decolorization of urine without loss of nicotinic acid presented 
a difficult problem. 

In those methods in which decolorization was not employed, 
and the nicotinic acid content was estimated by extrapolation 
of values obtained from added known amounts of nicotinic acid, 
the extraneous amount of color in the original urine was so great 
that small errors in its determination led to very large errors in 
the relatively low calculated or extrapolated values. 

The problem of the correction by any appreciable blank value 
due to the urinary pigments or of those arising during the manipu- 
lations is particularly formidable. No true blank value could be 
found by the omission of one or the other of the two color-produc- 
ing reagents, since the pigments themselves apparently react to 
modify the nicotinic acid color. 


Method 


Reage nts 

Concentrated acids, HCl, HNO;, H;PO, 

12 n KOH solution 

Lloyd’s reagent. 

0.5 n KOH solution. 

0.2 wn H.SO, solution 

Pb(NO;)2, powdered. 

K;PO,, powdered. 

CNBr reagent, saturated bromine water (3.4 per cent at 20°) 
prepared by shaking excess of bromine in a bottle for 2 hours, 
and kept in the refrigerator. Titrate a portion in ice water with 
freshly prepared 10 per cent NaCN of highest purity! to complete 
disappearance of the yellow color, avoiding an excess. 

p-Methylaminophenol sulfate, a freshly prepared, saturated 
(about 5 per cent) solution of Eastman Kodak Elon in water. 


Determination of “‘Total’’ Nicotinic Acid (Exclusive of Trigonelline) 

Either freshly voided or toluene-preserved urine kept in the 
refrigerator is used. 20 ml. of urine with a specific gravity of 
about 1.020 are just neutralized (pH 8.0 to 8.5) to phenolphtha- 
lein with KOH solution, and evaporated to a thick syrup on a 
steam bath. This is transferred with 4 ml. of water and 6 ml. 


‘ KCN is apt to give difficulties because of impurities 
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of concentrated HCl] to a 100 ml. Kjeldahl flask; 0.25 ml. of con 
centrated HNO; is added, also a few quartz chips, and boiled gently 
over a small flame of a microburner for 60 minutes, with a “cold 
finger’”’ or Hopkins condenser. Care must be taken in the be- 
ginning until the foaming stops. Charring and darkening occur 
at first, but after 10 to 15 minutes the solution becomes light 
yellow. After cooling, the solution is made up to 20 ml. with 
water in a narrow 25 ml. graduated glass-stoppered cylinder. 

15 ml. of this are transferred to a beaker, partially neutralized 
with 2 ml. of 12 n KOH, cooled, and adjusted to pH 1 with the 
glass electrode (or external indicator—methyl violet). 2 gm. of 
Lloyd’s reagent are placed in a 22 K 175 mm. Pyrex test-tube 
previously graduated to contain 15 ml. of liquid in addition to the 
2 gm. of Lloyd’s reagent. The acid solution is transferred to this 
tube, being washed in with 0.2 n H.SO, from a wash bottle. 
The tube is now closed with a rubber stopper and shaken rather 
vigorously a few times, the gas pressure released, and the tube 
is then shaken for at least 1 minute by inversion. The stopper 
and sides of the tube are washed down with 0.2 n H,SO,, the 
tube centrifuged briefly, and the clear supernatant fluid is de- 
canted and discarded. The Lloyd’s reagent sediment is washed 
twice by shaking with about 5 to 10 ml. of 0.2 n H.SO, and cen- 
trifugation. After the last washing is decanted, 8 ml. of 0.56N 
KOH are added and shaken for 1 minute with the Lloyd’s reagent 
for elution, water is added to the 15 ml. mark, and the contents 
are mixed and centrifuged. The colored supernatant fluid is 
decanted into an ordinary Pyrex test-tube, 0.6 gm. of powdered 
Pb(NOs3)2 is added, and the contents shaken; if the supernatant 
solution is too highly colored, 2 drops of concentrated NH,OH are 
added, and the tube is shaken and centrifuged. The supernatant 
fluid is now of a light yellow or amber color. The excess of lead 
is removed by the addition of a pinch (0.2 gm.) of KsPQO, to al- 
kalinity and centrifuging off the precipitate after 5 to 10 minutes. 

Color Development—This is an adaptation of Bandier and Hald’s 
method (4, 5). Two aliquots of 5 ml., representing 5 ml. of the 
original urine, are measured into small beakers, adjusted with 
5 Nn H;PO, to pH 4.5.2 The solutions are transferred with a few 


2 We use a glass electrode, but an external indicator may be used with a 
standard buffer control for comparison. 
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ml. of water to Evelyn colorimeter tubes graduated at 20 ml. 
A standard solution containing 10 y of nicotinic acid adjusted 
to pH 4.5 with H;PQ, is also set up in another tube, as well as a 
tube containing 100 mg. of KH.PO, in water as a reagent blank. 
Of each pair of the tubes containing urine extracts one is kept for 
a control, while the other tube and those containing the standard 
and reagent blank are treated as follows: The tubes are immersed 
in a water bath at 75-80° for 5 minutes. 1 ml. of the freshly 
prepared CNBr solution is added to each of the tubes and they 
are kept in the:bath 5 minutes longer. The tubes are cooled by 
immersion in ice water. 10 ml. of the Elon solution are added, 
the solutions diluted to the 20 ml. mark, mixed by inversion, 
and the tubes are placed in a dark cupboard for 1 hour, when they 
are read in the usual way in the Evelyn photoelectric colorimeter 
with the No. 400 filter; the galvanometer was set at 100 with the 
reagent blank tube. 

The controls are merely diluted to the 20 ml. mark with water 
including 0.18 ml. of 2 nN H,SO, and are read with the same filter, 
the galvanometer being set at 100 with a tube containing water. 
The L values of the controls as given on the chart accompanying 
the colorimeter are subtracted from the values of the correspond- 
ing solutions in which the color was developed. The calculations 
are made from the value obtained with the standard solution. 


Determination of Trigonelline 


This procedure is based on our previous observation (11) that 
trigonelline, heated with strong alkali in the presence of ammonia 
(urea), yields a substance which gives a color identical with that 
of nicotinic acid and amounting to 70 per cent of the theoretical 
conversion under optimal conditions. 

Test-tubes each containing 300 mg. of urea and 1.3 ml. of 12 
~ KOH solution and covered with small funnels are immersed 
for 5 minutes in a water bath in a beaker maintained at 75-80° 
on an electric hot-plate. Then 1.00 ml. aliquots of the HCl- 
HNO; hydrolysates prepared above are pipetted into the tubes, 
and the contents are mixed. The tubes are covered and left in 
the 75-80° bath for 45 minutes. The contents are washed into 
small beakers, with about 8 to 10 ml. of 0.2 N H.SO,. The solu- 
tions are brought to pH 1 (glass electrode) with about 1.5 to 
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2.0 ml. of concentrated HCl, and the further adsorption on and 
elution from Lloyd’s reagent and all subsequent manipulations 
are exactly as given above for the acid-hydrolyzable derivatives. 
When 5 ml. aliquots are used for the color analysis they represent 
0.33 ml. of the original urine, and the blank values are so small 
that they can be omitted and neglected. The values obtained in 
this color analysis include the above nicotinic acid derivatives 
determined after strong acid hydrolysis plus 70 per cent of nico- 
tinic acid color yielded by the trigonelline in the alkaline hydroly- 
sis. After the acid-hydrolyzable nicotinic acid is subtracted, 
the remainder is multiplied by the factor 100/70 to give trigonel- 
line as nicotinic acid. This latter value, if desired, is converted 
into terms of trigonelline itself by the use of the factor 1.11 which 
represents the ratio of gm. molar equivalents of the two sub- 
stances, 137:123. 
Discussion of Methods 


Acid Hydrolysis—From Ackermann’s data (12) obtained on 
feeding nicotinic acid to dogs it was reasonable to suspect that 
human urine might, in addition to nicotinic acid, also contain the 
glycine conjugate (nicotinurie acid) and trigonelline; obviously 
the presence of free nicotinamide or coenzyme might also be 
expected. As far as it is known, of these four substances only 
trigonelline was actually isolated and identified by Linneweh 
and Reinwein (13) in normal human urine. These authors iso- 
lated 0.42 gm. of trigonelline from 40 liters of normal human 
urine from subjects using coffee, tea, etc., and 0.014 gm. from 
11 liters of the urine of subjects who abstained from these sub- 
stances. 

We first studied, therefore, the conditions required for the 
complete hydrolysis of nicotinamide and of nicotinuric acid. In 
the case of the amide it was found that 1 hour’s heating in a 
boiling water bath in the presence of 1 N HCl or 1 n KOH re- 
sulted in complete hydrolysis as indicated by the yield of the 
theoretical amount of nicotinic acid measured by any of the 
colorimetric procedures employed. In the case of the nicotinuric 
acid the behavior in this respect was quite different. Although 
relatively mild treatment with alkali, heating for 1 hour with 1 
N KOH at 100°, gave complete hydrolysis, nicotinurie acid is 
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remarkably resistant to treatment with strong acid. It required 
quite vigorous boiling with 5 Nn HCI for 1 hour to obtain complete 
hydrolysis In this respect the behavior of nicotinuric acid is 
very similar to that of hippuric acid (14). 

Since there are reasons to believe that a considerable portion of 
the nicotinic acid is excreted in the form of nicotinuric acid, as 
will be shown below, it becomes obvious that one must employ a 
hydrolysis procedure either with at least 1 N alkali at 100° or with 
very strong acid at a higher temperature. The objection to the 
use of alkali here lies in our previously described observation (11) 
that when trigonelline is heated in an alkaline solution in the 
presence of ammonia it is transformed into a substance behaving 
like nicotinic acid, the yield of the latter depending upon the 
conditions. 

We have found by extensive study of the conditions (concentra- 
tion of reactants, temperature, and time) that heating at 75-80° 
for 45 minutes in 6 Nn KOH in the presence of urea gives an op- 
timum conversion of trigonelline, amounting to 65 to 75 per cent 
« the nicotinic acid equivalent. In those methods for nicotinic 
acid in which alkaline hydrolysis is recommended variable amounts 
of trigonelline will be converted in this manner, and the nicotinic 
acid values will be erratically raised. 

We, therefore, must depend upon the strong acid hydrolysis 
for the determination of what we designate as “‘total”’ nicotinic 

id, including nicotinamide and nicotinurie acid, but exclusive 
of trigonelline 

For the determination of trigonelline in urine the initial acid 
hydrolysis is necessary to destroy interfering substances. Direct 
hydrolysis with 6 n KOH always yielded lower initial values and 
has given poor recoveries of added trigonelline unless subjected 
to the preliminary acid hydrolysis. 

The data in Table I illustrate this point 

Decolorization and Removal of Interfering Substances—It was 
soon discovered that the problems of reproducibility of results, 
of proportionality of values when varying amounts of urine were 
taken for analysis, and of the recovery of added nicotinic acid 
(of the amide, nicotinuric acid, or of trigonelline) depended in the 
final analysis upon the successful removal of the colored substances 
and pigments either initially present in the urine or those which 
arise during the heating with acid and alkali. 
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The expedient of decolorization with charcoal first proposed by 
Vilter et al. (2) and by Swaminathan (7) did not yield in our 
hands satisfactory results. We have not been able to discover 
a single kind or brand of charcoal which did not remove variable 
amounts of nicotinic acid from pure aqueous solutions at pH 
values varying from 1 to 10 and at varying temperatures from 20 
100°. Neither did the recently proposed method of Melnick and 
Field (9) in which charcoal is used in a medium containing 40 
per cent alcohol and 2 N HCl permit us to recover the initially 
present nicotinic acid in pure solutions or in urine. Other ad- 
sorbing media were tried, including commercial varieties of benton- 
ite, franklinite, kaolin, alumina, ete., with no better success. 
In fact, it was found that nicotinic acid is adsorbed very readily 


TABLE | 
Need for Preliminary Acid Hydrolysis in Trigonelline Determination 
in Urine 
Hydrolysis (0.33 ml. urine) | Added trigonelline L value a am 
Y 7 
6 n KOH (+ urea) 0 0.164 
he oy = 8 0.190 2 
5 “ HCl followed by6N 0 0.240 
KOH (+ urea) 
si i 8 


0.349 8.8 


on all sorts of surfaces. It was for this reason that we avoid 
filtration through paper at any step in our proposed procedure, 
and use centrifugation instead. 

From our adsorption studies it evolved that all of the nicotinic 
acid derivatives in concentrations dealt with in this work, and in- 
deed all pyridine derivatives which were available to us, are quan- 
titatively adsorbed on Lloyd’s reagent at relatively high H ion con- 
centrations, pH 1 or less. Furthermore, the adsorbed substances 
on the Lloyd’s reagent can be washed repeatedly with dilute acid 
without any loss and can be recovered completely and readily by 
elution with dilute alkali solution. This observation proved to 
be of great advantage, in so far as it permitted us to isolate the 
pyridine derivatives from the large excesses of salts, inorganic 
acids, and of many organic substances. 
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It must be noted, however, that only a part of the pigments of 
the hydrolyzed or unhydrolyzed urine can be removed and washed 
out by this procedure; a relatively large proportion is adsorbed on 
Lloyd’s reagent in acid and is eluted again by alkali. Of these 
residual pigments all but traces can be removed by the subsequent 
treatment with Pb(NQO,). described above. We found, however, 
that 1 hour of boiling of the solids of 20 ml. of urine in 4 to 6N 
HCI resulted in so large an amount of carbonaceous matter and of 
almost black (melanin-like ?) pigments that combining both of 
the above procedures with Lloyd’s reagent and lead salts still 
yielded very dark colored solutions, and consequently high blank 
values. This led us to attempt to intensify the oxidizing action 
of the HCI by the addition of small amounts of nitric acid. The 
presence of 0.25 ml. of concentrated HNO; or of the corresponding 
amount of any nitrate yielded readily very clear solutions with 
relatively little color, most of which was removed by the subse- 
quent Pb salt treatment. This amount, 0.25 ml., of concentrated 
HNO, is sufficient to oxidize the pigments without loss of nico- 
tinie acid as measured by recovery, whereas the use of larger 
amounts of HNO; results in progressively increasing destruction 
of nicotinic acid. 

The final solutions are not entirely colorless; a tinge of yellow 
always persists in the acid hydrolysate. The blank correction 
value due to this color is, under our conditions, relatively small. 
After the development of the nicotinic acid color in a 5 ml. sample 
of urine subjected to acid hydrolysis and containing 5 to 10 4 
of nicotinic acid the absorption (ZL) value amounts to 0.120 to 
0.250. The blank correction value for the same samples varies 
between 0.020 and 0.050, on the average 20 to 30 per cent of the 
color due to nicotinic acid. When the urine is not decolorized 
at all, as in the extrapolation procedure of Harris and Raymond 
(8), the blank value may amount to twice or 5-fold that due to 
nicotinic acid. In the original Bandier and Hald (4) procedure 
in which acetone extraction of the nicotinic acid is employed the 
blank color correction with urine is at least as great as the colo 
due to the nicotinic acid. This is also true of the values given by 
Melnick and Field (9) for the only urine analysis quoted in their 
tables. It is obvious that a high correction value will tend to 
diminish the accuracy and ‘reproducibility of results, even though 
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in a single run good recovery of added standard material may be 
secured. This is particularly true when, as in this case, the 
interfering pigments themselves react chromogenically with such 
active reagents as CNBr. We have not perfected a complete 
solution of this problem, but merely offer a procedure calculated 
to reduce this source of error to a minimum. 

Color Reaction—The K6nig reaction (15) for pyridine deriva- 
tives with CNBr and an aromatic amine has been employed by 
most of the recent authors for nicotinic acid determinations and 
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Fig. 1. Absorption curves of colors produced by the Bandier and Hald 
reaction with nicotinic acid derivatives and with nicotine. Coleman 


regional spectrophotometer, 15 my slit 


has been shown to be more suitable than the Vongerichten p-dini- 
trochlorobenzene reaction (16). After testing the various amines 
suggested by the previous investigators we have found the reac- 
tion with p-aminomethylphenol sulfate as employed by Bandier 
and Hald (4) to be the most desirable for the following reasons 

1. The color reaches a maximum in about 40 minutes and re- 
mains stable for several hours in the dark. 

2. It is sensitive to nicotinic acid, 5 y in our procedure giving 
an absorption value with the No. 400 filter of 0.105 to 0.115, and 
hence is easily determined. Bandier and Hald in reading the 
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color in a stufenphotometer use a No. S-43 filter with maximum 
transmission at 430 mu. We found, as is seen in Fig. 1, that the 
absorption maximum of the nicotinic acid color is at 400 my. 

We have accordingly chosen the No. 400 Evelyn filter. We 
have thereby not only increased the sensitivity greatly but also 
gained reliability of values in reading the color at the minimum 
value for the slope of its absorption curve. 

3. Other pyridine derivatives give a relatively low intensity 
of color with this reaction in the following approximate propor- 
tions: nicotinic acid 1.0, nicotinamide 0.5, nicotinuric acid 0.2, 
nicotine 0.1, and methyl pyridinium hydroxide 0. 

These last relations make this reaction particularly suitable for 
the determination of the small amounts of nicotinic acid in the 
presence of the relatively large amounts of pyridine derivatives 
in smokers’ urine. This is borne out by the following data. 

Urine from a heavy smoker and from a tobacco chewer was 
evaporated and extracted exhaustively with benzene and the 
nicotinic acid derivatives determined by the above procedure 
before and after extraction. The figures obtained were 1.75 
(smoker) and 1.1 y per ml. (tobacco chewer) for unextracted 
samples and 1.70 (smoker) and 1.0 y per ml. (chewer) for ex- 
tracted samples. In both of these cases the benzene extracts 
were transferred to an aqueous acid phase and when tested by the 
CNBr aniline reaction showed the equivalent of 4 to 5 y of nico- 
tine per ml. Apparently this relatively large concentration of 
nicotine and of other pyridine bases extractable by benzene had 
practically no effect upon our nicotinic acid determination. 

Table II summarizes our representative experiments showing 
recovery of nicotinic acid, nicotinamide, nicotinuric acid, and 
trigonelline added to urine as well as the recovery of these sub- 
stances in pure solutions taken through our entire procedure. It 
is to be noted that the recovery of added nicotinuric acid is a 
more critical test than the recovery of nicotinic acid or of the 
amide because of the difficulty of its complete hydrolysis. 

The following figures in terms of L values show the reproduc- 
ibility of results with four samples of the same urine subjected to 
separate analyses: “total” nicotinic acid, 5 ml. of urine, 0.102, 
0.106, 0.097, 0.103 (average 0.102); trigonelline, 0.33 ml. of urine, 
0.324, 0.351, 0.316, 0.349 (average 0.335). 
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Daily Urinary Excretion of ‘Total’ Nicotinic Acid and of 
Trigonelline by Normal Human Subjects 


94 hour urines from five normal adults, four men and one 


woman, subsisting on an adequate diet, collected before and after 


TABLE II 


Recovery of Nicotinic Acid Derivatives 








L values* 
- Added | Recov- 
Hydrolysis Urine tri lline — | —" 
nn aa Urine + added | © 
Urine substance 
ml. y . 
6 xn KOH 20 0.252 | 20 
5 “ acid and 6 n KOH 20 0.248 | 20 
5e «HH BH HH 1 O82 6 | 0.149 0.224 | 6 
5S “ge « 192 12 | 0.149 0.299 | 12 
5 ogee « 0.133 | 8 | 0.115 0.207 7.4 
5 (gw us 0.133 | 16 0.115 0.290 | 14.0 
Nicotinic | | 
acid | 
No hydrolysis 10 0.205-—0.220) 10 
5 N acid 10 0.210 10 
5S 5.0 6.25 | 0.088 0.217 | 6.2 
5 | 3.33 5 0.101} 0.201 4.8 
5% ¢ | 2.66 2.5 0.054 0.110 2.6 
Nicotin- 
amidet 
— = 10 0.210 10 
* 5.0 6.3 | 0.082 0.212 6.2 
Nicotinuric 
acidt | 
5° 7.5 | 0.150 7.5 
5“ 5.0 | 7.5 | 0.107| 0.240 7.0 
“u 14.9 7.3 | 0.096] 0.228 6.6 


; on 





* The L value is the optical density obtained from the chart accompany- 
ing the Evelyn photoelectric colorimeter. 

t The nicotinamide and the nicotinuric acid are given in terms of nico- 
tinie acid. 
the ingestion of doses of nicotinic acid, were analyzed by the 


method described above. 
The content of the acid-hydrolyzable fraction, including free 
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nicotinic acid, the amide, and nicotinuric acid, is presented in 
Table III. It will be noted that the daily excretion of “total” 
nicotinic acid, exclusive of trigonelline, is remarkably constant in 
Subjects 2, 3, and 4 in whom it was studied several times, and that 
in all of the five subjects it varies from 1 to 3 mg. per day. 

The data on the excretion of trigonelline in Subjects 2 to 5 are 
shown in Table IV in connection with the ingestion of doses of 
nicotinic acid. In distinction to the ‘‘total’’ nicotinic acid it 
was soon observed that the excretion of trigonelline was not only 
much greater, but also varied a great deal more in different indi- 
viduals and in the same individual on different days. It was then 


TaBLeE III 
Daily Excretion of ‘‘Total’’ Nicotinic Acid in Five Subjects 
ete ae] P| Me oe nei get pe ny Remar 
yre. ibe 
1 M. 48 | 240 | Mar. 11, 3.0 Very heavy 
smoker 
2 as 19 | 160 ‘« 3, 1.6; June 25, 2.0; July 7, 2.2 Heavy 
July 25, 1.7; July 28, 1.8 smoker 
3 - 25 | 155 Mar. 1, 1.5; May 22, 1.1; July 8, 1.4; | Non- 
July 19, 1.4; July 22, 1.2 smoker 
4 | | 24) 165 | Mar. 3, 1.7; July 9, 1.4; July 11, 1.5; | Moderate 
July 12, 1.4; July 23, 1.5 smoker 
5 | I 19 | 145 | July 25, 1.1 Non- 
smoker 


suspected that trigonelline excretion bore a relation to dietary 
factors. No clear quantitative indication could be had from the 
data of Linneweh and Reinwein (13) who isolated trigonelline 
from the urines of subjects ingesting and abstaining from coffee, 
However, the amount of trigonelline obtained 


tea, and cocoa. 
diet was considerably less. 


from urine on the coffee-free 
Heiduschka and Briichner (17) isolated 3 gm. of trigonelline 
from 2 kilos of defatted raw coffee beans. By subjecting several 
samples of freshly prepared black coffee beverage to our method 
of hydrolysis with strong alkali in the presence of urea we found 
that coffee, such as used by our subjects, may contain from 50 to 
100 mg. per 200 ml. cup, depending upon its strength and pos- 
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sibly variety of bean, roasting, etc. It appears therefore that a 
coffee-drinking individual may ingest between 100 and 500 mg. 
of trigonelline per day in coffee alone. Trigonelline was also 
isolated in smaller amounts from various seeds such as peas, 
wheat, oats, hemp, and in potatoes (18, 19). Since coffee seemed 
to be the chief source of trigonelline, and since it was impractical 
to devise a totally trigonelline-free diet for human subjects, we 
repeated our experiments with our subjects remaining on the 
same general diet as before but omitting only coffee. This had 
an immediate and striking effect upon the daily excretion of 
trigonelline without affecting the other nicotinic acid derivatives. 


TaBLe IV 
Changes in Daily Excretion Following Ingestion of Doses of Nicotinic Acid 


Dose of Total” nicotinic acid Trigonelline excreted 
Sub- | nico- excreted per day per day 
ject tinic 7 Remarks 
No. | acid in-) Oo). Ist 2nd | 3rd | Con- | Ist 2nd 3rd 
gested trol day day day trol day day day 
mg. mg. mg. mg. mg. mg. mg. mg. mg. 
2 100 | 2.2 3.3 | 2.0 204 | 203 116 Coffee 
{ 500 67.8 217 3 
! 100 | 1.4 10.2 | 1.5 | 1.4 | 150 | 156 | 160 | 146 - 
3 100 B.7 1 a.) Ge 32 72 | 107 ‘*  irregu- 
larly 
2 200 | 1.7 6.0) 1.7/1.8 29 37 24 10 | No coffee 
t 200 | 1.6 | 19.4 | 1.5 20 14 36 - - 
3 100. «1.4 2.6),1.4;,1.2| 27; 8) 21 _ Fe 2; 
5 200 | 1.1 | 12.5 25 36 = - 


Thus, as seen in Table LV, Subject 2 excreted 116 to 204 mg. of 
trigonelline per day when ingesting coffee, and 24 to 40 mg. on a 
coffee-free diet. In general the same was true of the other three 
subjects. We also noted that apparently the trigonelline of the 
ingested coffee is promptly excreted, for 1 day’s abstinence from 
coffee can bring down the excretion from around 200 mg. to 30 
mg. per day. 

The significance of the daily trigonelline excretion with or with- 
out the ingestion of extra nicotinic acid cannot yet be properly 
interpreted, since undoubtedly the coffee-free diet of our subjects 
still contained smaller but variable amounts of trigonelline. In 
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future experiments we shall attempt to select a constant diet 
with a low and a well defined trigonelline content. 

It is obvious that until such a procedure is adopted it will not 
be possible to follow the metabolism of nicotinic acid in the human 
or animal body. In a purely qualitative way it can be noted 
that in each of the four subjects who ingested doses of 100 to 500 
mg. of nicotinic acid in a single day when on a coffee-free diet 
there was a significant increase of the trigonelline excretion over 
that in the preceding or the following day. 

As noted before, the “‘total’’ nicotinic acid excretion in our 
five subjects varied from 1.1 to 3 mg. per day. The response of 
four of these subjects in regard to “total’”’ nicotinic acid excretion 
after the ingestion of 100 to 500 mg. doses of pure nicotinic acid 
was quite different. Whereas 100 and 200 mg. doses led to an 
increased ‘‘total’”’ nicotinic acid excretion of only 1 to 4 mg. in 
two subjects (Nos. 2 and 3), the increases in the other two sub- 
jects (Nos. 4 and 5) were from 9 to 18 mg. 

These individual variations in ‘‘total’”’ nicotinic acid excretion 
seem to bear no proportional relation to the apparent increase in 
trigonelline excretion. In an effort to interpret these variations 
we attempted to identify the components of the acid-hydrolyz- 
able or “‘total’’ nicotinic acid fraction. Since the free nicotin- 
amide or that of the coenzyme complex is easily hydrolyzed by 1 
hour’s heating at 100° with 1 N HCl, and since this procedure 
results in the hydrolysis of only approximately 10 per cent of the 
nicotinurie acid, we determined the nicotinic acid color produced 
by the unhydrolyzed urine and by urine heated at 100° for 1 
hour with 1 Nn HCl, using the 24 hour urines of Subjects 4 and 5 
containing 19.4 and 12.5 mg. of “‘total’’ nicotinic acid respectively. 
Except for the hydrolysis the rest of our procedure was followed 
in all of these determinations. These urines were obtained on 
the day of ingesting 200 mg. of nicotinic acid by each subject. 
The results in terms of micrograms of nicotinic acid per ml. of 


urine were as follows: 


Hydrolysis Subject 4 Subject 5 
Unhydrolyzed 3.5 2.6 
1 nw HCl 1.3 3.7 
2.9 10.4 


5 “ HCI-HNO, L 
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It will be noted that hydrolysis with 1 nN HCl led to but small 
increases in nicotinic acid, the large increases resulting from the 
5 n acid hydrolysis. Since nicotinamide gives 50 per cent of its 
equivalent nicotinic acid color and 1s completely hydrolyzed by 
1 n HCI, and, since nicotinuric acid gives 20 per cent of its equiva- 
lent nicotinic acid color, and is approximately 10 per cent hy- 
drolyzed by 1 N HCl, it is obvious that in these urines the ‘‘total’”’ 
nicotinic acid consisted largely of nicotinuric acid. Therefore, 
only small amounts of free nicotinic acid, nicotinamide, or co- 
enzyme could have been present in these urines. 

It thus appears that when the ingestion ol doses of nicotinic 
acid is followed by appreciable increases of ‘‘total’’ nicotinic 
acid in the urine exclusive of trigonelline, such increases are 
largely due to the formation and excretion of nicotinurie acid. 
Since this substance can only be determined after its complete 
hydrolysis, and since such complete hydrolysis in urine without 
affecting the trigonelline can be accomplished, as far as is known, 
only by means of boiling with strong acid (5 to 6 N HCl) for at 
least 1 hour, it becomes important in saturation or tolerance tests 
to bear these relations in mind. Although the very low concen- 
tration of “‘total’’ nicotinie acid in normal urine (1 to 2 mg. per 
liter) makes it very difficult to determine the partition of its 
various forms, our data indicate that a complete hydrolysis with 
5 N acid is necessary for its complete conversion and determina- 
tion. 

The data in the second part of Table IV on Subjects 2 to 5, 
after the ingestion of 100 or 200 mg. of nicotinic acid, show that 
(1) there are variable increases in the excretion of “total’’ nico- 
tinic acid and of trigonelline on the day of the ingestion of the 
acid, returning to normal levels on the following day; (2) the sum 
of the increases in both fractions accounts for but 10 to 25 per 
cent of the ingested doses. 

Granting that the interpretation of the trigonelline values is 
not wholly reliable because of the uncertainty of the constancy 
of intake with the food, it still does not appear that this factor 
when more properly controlled will account for the deficit, for if 
the total trigonelline excreted on these days were ascribed to the 
ingested nicotinic acid alone the figures would still fall far short 
of the ingested nicotinic acid. We are therefore led to conclude 
that ingested nicotinic acid, in 100 or 200 mg. doses, is excreted 








744 Nicotinic Acid in Urine 


promptly but only partially as nicotinuric acid and trigonelline. 
The proportion of these two derivatives varied in the four subjects 
widely. The fate of the rest of the ingested nicotinic acid can 
only be conjectured: it may in part be stored in the tissues, in 
part destroyed, not unlike ascorbic acid in this respect, and also 
possibly in part converted and excreted in forms which are yet 
not amenable to analytic detection; there is also the possibility 
of incomplete absorption and loss in the stools. 

We intend to extend these studies on the metabolism of in- 
gested nicotinic acid to include blood, urine, and tissue analyses 
in human subjects and in animals. 


SUMMARY 


A study of the nicotinic acid derivatives and trigonelline in 
normal human urine is presented. 

Methods are proposed for determining the nicotinic acid deriv- 
atives after complete hydrolysis with strong hydrochloric acid 
and of estimating trigonelline after heating with strong alkali 
in the presence of ammonia. The difficulties due to interfering 
substances and to extraneous colors are discussed and methods 
for their circumvention are offered. 

Five normal human adults on an adequate diet excreted daily 
1 to 3 mg. of nicotinic acid derivatives exclusive of trigonelline. 
On a diet free of coffee they excreted 20 to 29 mg. of trigonelline 
per day and up to 200 mg. per day when ingesting coffee. 

After the ingestion of 100 to 200 mg. doses of nicotinic acid 
four of the above subjects excreted 2.5 to 19.4 mg. of nicotinic 
acid derivatives, mostly as nicotinuric acid. The trigonelline 
excretion was appreciably increased, although the extent of this 
increase is not yet definitely established. These increases ac- 
count for only 10 to 25 per cent of the ingested nicotinic acid. 


The authors wish to acknowledge gratefully the gifts of samples 
of trigonelline and nicotinuric acid by Merck and Company, Inc., 
the synthesis and gift of nicotinuric acid by Dr. P. Handler, and 
the aid given by Dr. W. J. Dann in the spectrophotometric de- 
termination of the absorption curves in Fig. 1. 
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No enzyme or enzyme system has thus far been described which 
catalyzes the physiological reaction between cytochrome c and 
reduced triphosphopyridine nucleotide. Although several of the 
known flavoproteins react with reduced triphosphopyridine 
nucleotide none of them reacts directly with cytochrome c. 
Cytochrome b and hydrogen carriers presumably acting between 
cytochrome c and the flavoproteins have therefore been postulated 
as part of this scheme but no concrete evidence to support such 
postulated mechanisms has been presented. The reactions be- 
tween the reduced forms of either Warburg and Christian’s 
“old” (1) or Haas’ “new” (2) yellow enzyme and oxygen are too 
slow to be physiologically important and these enzymes are there- 
fore left without explanation of their enzymatic significance. 
Theorell (3) reported observations of the reduction of cytochrome 
c by the “old” yellow ferment but this reaction also was too slow 
for physiological consideration. In the attempt to bridge the gap 
in the oxidation-reduction chain, Straub (4) isolated a flavopro- 
tein from heart muscle, but like the other flavoproteins this sub- 
stance does not react with cytochrome c (5). 

In this paper we report the isolation of a new flavoprotein! 
which, reacting very rapidly with both oxidized cytochrome c 


1 In a preliminary report on the isolation of this enzyme we described it 
ascolorless. During the first stages of its isolation the product lost much of 
its color upon purification. Judging from the activities of the previously 
isolated yellow ferments, we were led to the conclusion that the product 
could not be as active as it was and still show no yellow color. We were, 
therefore, misled by the extremely high activity of this enzyme. 
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and reduced triphosphopyridine nucleotide, completes the oxida- 
tion-reduction system from hexose monophosphate to cytochrome 
c. The prosthetic group of this new enzyme is alloxazine mono- 
nucleotide. 
According to the nomenclature suggested by Warburg this 
enzyme could be designated as 
alloxazine-proteid cytochrome ¢ - triphosphopyridine nucleotide 


We shall refer to it as cytochrome c reductase 


General Principles of Analytical System 


The whole enzyme system which catalyzes the reduction of 
cytochrome c by hexose monophosphate is made up as follows: 
hexose monophosphate, Zwischenferment, triphosphopyridine nu- 
cleotide, cytochrome c reductase, cytochrome c. The triphospho- 
pyridine nucleotide is rapidly reduced, while the oxidized cyto- 
chrome c does not react until the reductase is finally added. The 
concentrations of all components are so adjusted that (1) the 
rate of reduction of the cytochrome c is proportional to the 
reductase concentration and (2) the half time of the cytochrome 
c reduction is about 3 minutes. Each of the components of the 
system is sufficiently pure so that no reaction proceeds until the 
cytochrome c reductase is added. 


Preparation of Test Substances 


Triphosphopyridine Nucleotide—This substance was prepared 
by a modification of the method described by Warburg, Christian, 
and Griese (6). We are indebted to Dr. T. S. Ma for the following 
analysis of the final product. 


CasHaN2PsJis. Calculated. C 33.4, H 4.06, P 11.8 
Found. “34.8 “ 4.37, 9.3 


On the basis of the phosphorus content we calculate a purity of 
79 per cent for the triphosphopyridine nucleotide. 

Using the manometric test for triphosphopyridine nucleotide (6) 
we found a purity of 80 per cent for our product. 

Hexose Monophosphate-—-This was prepared by a modification 
of the directions given by Robison and Morgan (7) and by War- 
burg and Christian (1). We have found that bottom yeasts are 
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unsatisfactory for this preparation. Top ale yeasts, however, 
gave excellent results. 

The best results are obtained when the Lebedew extract is 
prepared by digestion at 0° rather than at 35° as specified by War- 
burg and Christian. The yeast used must be fresh and it should 
be washed immediately after the brewing process. The extract 
should be protected from air during the extraction. 

The yeast used in the preparation of the hexose monophosphate 
was the same as that used as the source of the reductase. 900 gm. 
of the dried powdered yeast were stirred into 2700 cc. of water 
and extracted for 22 hours at 0°. The air in the covered container 
was displaced by carbon dioxide. Centrifugation and filtration 
yielded 1.4 liters of the clear Lebedew extract, which was used at 
once for the preparation of hexose monophosphate. From 300 
gm. of glucose, 300 gm. of Na,HPO,-12H,O0, and 20 gm. of 
KH.PO, we obtained 42 gm. of the crystalline calcium salt of 
hexose monophosphate. 

Analysis of this material by Dr. T. 8S. Ma gave the following 
result. 


3.128 mg. sample yielded 19.70 mg. ammonium phosphomolybdate 


3.416 “ ” ss 1.240 ‘** H.O and 2.784 mg. CO, 

3.681 ° “ai 1.403 ** +e ~“ Deane” ™ 
Calculated, CsH,,O;CaPO,-H.O. H 4.11, C 22.8, P9.8 
Found (average). “é#@B.* 3. * 9. 


The calcium salt was converted into the potassium salt by 
treatment with potassium oxalate. 3.15 cc. of M oxalate were 
necessary for 1 gm. of the calcium salt. Thus 1 mole of calcium 
salt (mol. wt. 316) was equivalent to 0.995 mole of potassium 
oxalate. 

Zwischenferment—The specific protein which is necessary in 
the reduction of triphosphopyridine nucleotide by hexose mono- 
phosphate was prepared in accordance with the directions given 
by Warburg and Christian (1). This is a relatively impure 
product but contained no cytochrome reductase, whereas the 
purest Zwischenferment obtained by the method of Negelein and 
Gerischer (8) contained some of the reductase. 

Canadian top ale yeast which was used to make this preparation 
was washed and dried. A suspension of 400 gm. of the dried 
yeast in 1200 cc. of water was allowed to stand for 10 hours at 
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35°. The suspension was then centrifuged and the Zwischenfer- 
ment precipitated from the supernatant solution by dilution with 
water and subsequent saturation with carbon dioxide. The 
precipitate, dried in vacuo over P2Os, gave 6.4 gm. of a dry powder 
which has not lost its activity in more than | year’s time. 0.1 
mg. of this powder was necessary for each test. 

Cytochrome c—Following the directions of Keilin and Hartree 
(9), we obtained from 5.8 kilos of horse heart 3.1 K 10-5 mole 
of cytochrome. The concentration was determined spectropho- 
(10), we found 5.17 X 10-7 mole of cytochrome per cc., while for 
the same solution, after being reduced, 5.15 X 10-7 mole per ce. 


tometrically. Using the absorption coefficients given by Theorell 


of cytochrome was found. This result showed that the solution 


was free from colored impurities. 


Tsolation of Enzyme 


The activity of an enzyme preparation was tested spectro- 
photometrically by the method to be described in detail! in the next 
section. The protein concentrations were determined by evapo- 
rating the salt-free solutions. In the presence of salt the solutions 
were subjected to micro-Kjeldahl determinations for protein 
nitrogen. The protein concentrations were calculated on the 
assumption that all proteins present contained 16 per cent nitro- 
gen. 

The activity of each preparation is here calculated on the basis 
of mg. of dry protein. This activity (W) is defined as follows: 

W A log oxidized cytochrome c concentration 
” Ai X mg. protein 
W is independent of the cytochrome c concentration. For the 
pure enzyme W has a value of 158 mg.~! min 

Source Material—Top ale yeast of the strain Saccharomyces 
cerevisiae I, Hanson, obtained from Drewry’s, Ltd., was washed 
at 0° with tap water and then subjected to high pressure to remove 
the excess water. By blowing air over a thin layer of the yeast 
for a few hours it was thoroughly dried. The dried yeast can be 
stored at room temperature without apparent loss of activity. 

Step 1. Extraction of Enzyme by Autolysis —4 kilos of the dry 
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yeast are suspended in 14 liters of water and kept for 33 hours at 
20°. The suspension is centrifuged and 6.9 liters of clear solution 
obtained which contain most of the enzyme. The residue is 
washed with 6.5 liters of water and centrifuged. The resulting 
supernatant solution is combined with the original to give 13.8 
liters of an enzyme solution which contained 1400 gm. of dry sub- 


stance. W = 0.27 mg.' min.'. Since W for the pure enzyme 
is equal to 158 mg.~' min.~', the purity of the enzyme in the first 
extract is 0.27/158 = 0.0017. The enzyme is very easily de- 


natured and the whole of the following procedure must therefore 
be carried out at 0°. 

Step 2. Fractionation with Ammonium Sulfate—At pH 4.5 the 
enzyme is soluble when the solution is 31 per cent saturated 
with ammonium sulfate. Under these conditions a large amount 
of inert proteins is denatured and can be removed. The enzyme 
is precipitated when the solution is made 51 per cent saturated 
with respect to ammonium sulfate. 

Specifically, 13.8 liters of enzyme solution are cooled to 0°. 
While the solution is being stirred, 4.2 kilos of solid ammonium 
sulfate and then 220 cc. of 10 N acetic acid are added. The satura- 
tion is then 51 per cent with respect to ammonium sulfate, 
pH 4.5. The precipitate is separated by centrifugation. It con- 
tains the enzyme and can be kept in this form overnight. The 
precipitate, which has a volume of 1.1 liters, is suspended in 0.7 
liter of water and 3 liters of a solution 31 per cent saturated with 
ammonium sulfate are added. The insoluble material is separated 
by centrifugation and discarded. 

From the supernatant solution (4 liters) the enzyme is precip- 
itated by adding 470 gm. of ammonium sulfate; the degree of 
saturation is then 51 per cent. After separation by centrifugation 
the enzyme is dissolved in 500 ce. of water. The solution contains 
87 gm. of dry substance, other than ammonium sulfate. W = 
1.92; purity after step (2) = 0.012; purification 7-fold; yield 
44 per cent. 

Step 3. Dialysis—For the following precipitation with alcohol 
it is necessary to remove the dissolved ammonium sulfate. Con- 
sequently the enzyme is dialyzed in cellophane tubes against 
running distilled water for 17 hours at 0°. After the removal of 
much inactive precipitate by centrifugation, 1200 cc. of enzyme 
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solution containing 52 gm. of protein are left. W = 2.0; purity 

0.0126; purification 1.06-fold; yield 63 per cent. 

Step 4. Precipitation with Ethanol—1200 cc. of dialyzed enzyme 
solution are adjusted to pH 4.65 by adding 1.5 cc. of 2 n KOH. 
Slowly and with stirring in an ice bath, 600 cc. of 30 per cent cold 
ethanol are added. A fine white precipitate is formed which con- 
tains the enzyme. After 45 minutes the suspension is centrifuged 
and the precipitate is dried as rapidly as possible in vacuo over 
CaCl, at 0°. After this step 5.0 gm. of a dry powder are obtained. 
W = 12; purity = 0.076; purification 6-fold; yield 58 per cent. 
In 34 days 9 per cent of the activity of the dry powder is lost when 
kept at 0° in vacuo over CaCle. 

Step 5. Adsorption on Aluminum Hydroxide Gel; Elution with 
Alkaline Ammonium Sulfate—5.0 gm. of the enzyme powder are 
dissolved in 200 ec. of water. By adding 5 cc. of n KOH the 
pH is adjusted to about 9. Aluminum hydroxide gel y prepared 
according to Willstétter and Kraut (11) is added fractionally 
until the supernatant solution is just colorless. Excess adsorbent 
should be avoided. About 7.0 gm. of aluminum hydroxide are 
usually necessary to adsorb all the enzyme. 

The enzyme is eluted from the aluminum hydroxide by adding 
50 ec. of a solution which is 64 per cent saturated with ammonium 
sulfate and is 0.1 N with respect to NH,OH. This elution with 
alkaline ammonium sulfate is repeated twice. From the combined 
eluates (150 ec.) the enzyme is precipitated by adding 18 ce. of 
2 nN acetate buffer, pH 4.5, and 30 gm. of solid ammonium sulfate 
(degree of saturation, 70 per cent). The precipitate is centrifuged 
for 1 hour at 3000 times gravity to remove as much as possible of 
the ammonium sulfate solution which interferes in the following 
step. The enzyme is dissolved in 100 ce. of water and 4 ce. of 
N NH,OH are added to adjust the pH to about 9. The solution 
now contains 360 mg. of protein. W = 51; purity = 0.32; 
purification 4.2-fold; yield 30 per cent. 

Step 6. Adsorption on Calcium Phosphate; Elution with Phos- 
phate—Tricalcium phosphate gel was prepared by following the 
direction of Utkin (12) and was used about 8 months after prep- 
aration. The tricalcium phosphate is added to the enzyme solu- 
tion in small portions until the supernatant solution remains color- 
less. At this particular salt concentration about 6.5 gm. of 
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ealcium phosphate are sufficient for adsorption of the enzyme. 
The tricalcium phosphate with the adsorbed enzyme is washed 
with 80 ec. of 0.02 m borate buffer, pH 9.2, and the enzyme is 
eluted with 40 cc. of 0.05 Mm phosphate buffer, pH 6.1. The elution 
is repeated two times and the eluates are combined. Excess of 
phosphate, which interferes in the next purification step, should 
be avoided. The 120 cc. of the phosphate solution contain 44 
mg. of protein. W = 98; purity = 0.62; purification 1.95-fold; 
yield 24 per cent. 

Step 7. Adsorption on Aluminum Hydroxide Gel Repeated—120 
ec. of the phosphate solution are stirred for 10 minutes with 1.7 
gm. of aluminum hydroxide and centrifuged. The colorless super- 
natant solution is discarded. The enzyme is eluted from the 
aluminum hydroxide three times with 12 cc. of alkaline ammonium 
sulfate as in step (5). To the 36 cc. of the eluate 7.5 gm. of solid 
ammonium sulfate, and 4 cc. of 2 N acetate buffer, pH 4.5, 
are added. The degree of saturation with ammonium sulfate is 
70 per cent. The precipitated enzyme is separated by centrifuga- 
tion and dissolved in water. With 0.2 cc. of Nn NH,OH the pH 
of the solution is adjusted to about 9. 17 mg. of enzyme dissolved 
in 6.2 ec. of solution are finally obtained. This solution is 0.2 
mM with respect to (NH,4)2SO, but since a dilution of 1:7000 is 
made for the test there is no interference. W = 138; purity = 
0.87; purification 1.41-fold; yield 55 per cent. 

The titration with cytochrome as given in the next section 
proves that the enzyme after step (7) is 87 per cent pure. Al- 
though kept at 0°, the pure enzyme loses 30 per cent of its activity 
in 2 days time. Considering the instability of the enzyme, we 
believe that most of the inactive substance is cytochrome c 
reductase, denatured during the purification process. 

Remarks Pertinent to Isolation—We have found cytochrome 
reductase in yeast obtained from different sources. The best 
results in the isolation are obtained with a yeast which autolyzes 
readily at low temperatures. 

During the course of the isolation the purity of the enzyme in- 
creases from 0.0017 for the first step to 0.87 for the last step, 
an increase of about 500-fold. Assuming that the first extract 
contained all of the enzyme, we calculate that 1 kilo of dry yeast 
contains about 0.6 gm. of the enzyme (0.0017 XK 1400/4). 
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By the same method of calculation the amount of “old” yellow 
enzyme in Warburg and Christian’s original source and the amount 
of “‘new’’ yellow enzyme in that of Haas have been calculated. 
These are here compared with the amount of cytochrome reductase 
found in our yeast (Table I). 

It is interesting to note that the concentration of cytochrome 
reductase and that of the “old” yellow ferment are of the sams 
order of magnitude. 

The over-all yield for the seven steps of the isolation is equal 
to 0.63 per cent. By this process of purification about 235 kilos 
of dry yeast (approximately 1 ton of fresh yeast) would be neces- 
sary to obtain 1 gm. of the enzyme. 


TABLE [| 


Yellow Enzymes in Yeast 


Concen- 


tration, gm. ; 
Enzyme enzyme Source materia! 
per kilo dry 
yeast 
Cytochrome c reductase 0.6 Drewry’s ale yeast 
“Old’”’ yellow enzyme 1.0 Schultheiss-Patzenhofer yeast 
‘New’’ a “ec 0.14 sé ce ‘é 


Purity of Final Product and Molecular Weight of Enzyme 


In calculating the purity of the final product and in estimating 
the molecular weight we compare its properties with those of 
Warburg and Christian’s “old” and Haas’ “new” yellow enzyme. 

Absorption Spectrum—The absorption spectrum from 250 to 
550 muy is given in Fig. 1, and the more detailed spectrum in the 
characteristic range 320 to 550 my is given in Fig. 2. The absolute 
values for the extinction coefficients? (ordinates) have been cal- 
culated with the assumption that the value at 455 my for cyto- 
chrome reductase is 1.04 X 10’ cm.? mole. This is the extine- 
tion coefficient of the “old” yellow enzyme (13) at 465 my, of 


The extinction coefficient is defined by a@ in the relationship J = 
T,10-*«' where c is expressed as moles per cc. The absorption coefficient 
8 is defined by the equation J = J>,-**'. The value of 8 for the wave-lengths 
455 my is then 2.4 X 10’ cm.? X mole™. 
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Fic. 1. Absorption spectrum of cytochrome c reductase 
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Fic. 2. Absorption spectrum of cytochrome ¢ reductase, near ultraviolet 
and visible regions. 
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the “new” yellow enzyme (2) at 455 mu, and of the amino acid 
oxidase (14) at 450 mu. 

The absorption spectrum of cytochrome reductase is made up 
of the three bands which are typical for the yellow enzymes, but 
as Table II indicates these bands are not identical with those of 
either the “‘old”’ or “‘new’’ enzymes 

The slight inflection in the absorption curve between 400 and 
150 mu indicates that a band at about 420 mu may also be pres- 
ent. That this inflection is due to an impurity, very probably a 
hemin compound, was demonstrated by the fact that a band at 
this wave-length persisted when the cytochrome c reductase was 
reduced with the hexose monophosphate system. From the mag- 
nitude of this band we estimate that the maximum amount of 
hemin protein was 3 per cent. A small band also appeared at 557 


TaB.e II 


Absorption Maxima of Yellow Enzymes 
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Ensyme | AL As e 

| 
my my my 

| | 
Cytochrome reductase 275 385 455 
“Old”’ yellow enzyme... 275 380 465 
—— «| 6s 275 377 455 


my. Although we have reason to believe this substance to be an 
impurity, its properties will be investigated further. 

Determination by Light Absorption—With the assumption (1) 
that the extinction coefficient at the wave-length 455 mu for cyto- 
chrome c reductase is 1.04 X 10’ cm.? mole and (2) that the 
enzyme is 100 per cent pure, we may calculate its molecular weight. 

The enzyme solution obtained from step (7) in the isolation con- 
tained 2.75 mg. of protein per cc. For the same solution the light 
absorption, J,)/J, at 455 mu was found to be 1.555 in an absorption 
cell 0.504 em. in length. The molecular weight was then calcu- 
lated in the following manner. 


0.192 


| 
C (flavin) = log — = = 3.66 X 10°* mole per ce 
Xl I 1.04 & 107 & 0.504 
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If 1 mole of the enzyme contains 1 mole of flavin, then the 
calculated molecular weight is (2.75 xX 10-*)/(3.66 Xx 10-) 
or 75,000. 

Using a method similar to that employed here, Theorell (13) 
found a molecular weight of 73,000 for the ‘‘old”’ yellow enzyme 
Kekwick and Pedersen (15) using the ultracentrifuge found by the 
equilibrium method a molecular weight of 82,800 for this same 
enzyme, while Polson (16) determined the molecular weight to be 
77,800 by the sedimentation method. We can assume that within 
the limits of all the experimental errors the molecular weights of 
these two enzymes have the same value. In the following calcu- 
lations we shall therefore assume the molecular weight of cyto- 
chrome c reductase to be 78,000. 

From these same considerations we would arrive at the conclu- 
sion that our final product is a pure one but such a conclusion 
would be based on the assumption that the only yellow enzyme 
contributing to the light absorption was cytochrome c reductase. 
To determine its purity in this respect reduced cytochrome c 
reductase was titrated with cytochrome c. 

Titration with Cytochrome c—Reduced cytochrome c reductase 
reacts with oxidized cytochrome c (CyFe***) according to the 
equation 

Reduced cytochrome c reductase + 2CyFett* = 
cytochrome c reductase + 2 CyFe** + 2H* 


Hexose monophosphate, Zwischenferment, and triphosphopyridine 
nucleotide were added to a solution containing the reductase. 
Excess hexose monophosphate was used but the amounts of 
Zwischenferment and triphosphopyridine nucleotide were such that 
the reduction took a relatively long time. After the reductase 
was reduced, an excess of oxidized cytochrome c was added. 
With relatively large concentrations the reaction between these 
constituents took place immediately and the amount of the cyto- 
chrome c reduced was determined spectrophotometrically at 
550 mu. After the initial instantaneous reduction, the excess 
cytochrome c was reduced but this subsequent reduction was slow 
because of the limiting amount of Zwischenferment. 
Determinations were made with two enzyme concentrations 
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Taste III 
Titration of Enzyme 
\ = 550 my, total volume = 5.8 ec., length of cell = 1.98 cm.; gag 
space, nitrogen 


Sample 1 Sample 2 
0.025 m phosphate buffer, pH 7.3 5.8 ec. 
Hexose monophosphate 2.5 mg. 
Triphosphopyridine nucleotide 0.007 mg 
Zwischenferment — 
Cytochrome reductase = 1.04 mg. 
Oxidized cytochrome ce (added later); 4.7 X 10-* mole 4.7 X 10-* mole 
Cytochrome reduced initially Liexvs “ 2.32 X 10-5 
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Fic. 3. Titration of reduced cytochrome c reductase, by oxidized cyto- 
chromec. Upper curve 1.04 mg. of enzyme; lower curve 0.52 mg. of enzyme. 


with identical results. The conditions under which these titra- 
tions were made are given in Table III and the results are shown 
in Fig. 3. 

By extrapolating the curves to zero time, the amount of cyto- 
chrome c reduced instantaneously is obtained. The number of 
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moles of cytochrome c reduced in each case is given in the last 
row of Table III. Since 2 moles of cytochrome c are equivalent 
to 1 mole of cytochrome c reductase, we find that Sample 1 con- 
tains 0.59 X 10-° mole of the reductase and Sample 2 contains 
1.16 X 10-* mole. 

Assuming a molecular weight of 78,000 for the enzyme, Sample 1 
contains 0.59 X 10-5 XK 78,000 X 10° = 0.46 mg. of the active 
enzyme, while Sample 2 contains 90 mg. The purity of the 
enzyme preparation is given by the relation, (active enzyme) 
(total protein) = 0.46/0.52 = 0.87 for Sample 1 and 0.90/1.04 = 
0.88 for Sample 2. 

On the basis of this titration and of the flavin determination 
in the previous section, we conclude that the enzyme was about 
87 per cent pure and that inactive yellow enzyme accounted for 
most of the remainder. 

The fact that identical results were obtained when different 
amounts of the reactants were used shows that the reaction goes 
to completion. 

Stability of Enzyme 


At pH 8.8 and at 0° the purest product in a 0.05 saturated 
(NH,)2SO, solution lost 30 per cent of its activity in 2 days. At 
pH 4.5 the enzyme is still less stable, losing as much as 50 per cent 
activity in 15 hours. When the enzyme solution was frozen by 
evaporation and then dried in vacuo, the dry powder lost only 30 
per cent of its activity in 26 days if kept in vacuo over CaCl, at 0°. 

The activity of the purified enzyme is destroyed by dialysis 
against distilled water. When dialyzed against 0.001 m NH,OH, 
the enzyme is stable. 

The inactivation of the enzyme by heat depends very greatly 
upon the salt concentration of the solution and upon the purity 
of the product. 

At pH 7.3 in 0.06 m (NH4)2SO, the purest enzyme loses activity 
at the following rate: in 10 minutes, at 30° 19 per cent, at 40° 
37 per cent, and at 45° 58 per cent. 

The activity is destroyed by acetone and by dioxane. 


Rudimentary Kinetics and Enzyme Test 


Since the whole oxidation-reduction system consists of a series 
of steps, the rate of reduction of the cytochrome c may depend 
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upon the rate of any of these steps. We have not as yet separated 
these steps in making rate determinations; yet enough data are 
at hand to give minimum values for the rate constants of the 
reactions involving the oxidized and reduced forms of cytochrome c¢ 
reductase. Under the conditions prevailing in our analytical 
experiments the rate of reduction is proportional to the concen- 
tration of the cytochrome c reductase. Since the reduction of 
oxidized cytochrome c involves the reduced form of the reductase, 
we may assume that all of the enzyme is present in the reduced 
form. Denoting oxidized cytochrome c by CyFe*** we can 
express the over-all rate by the equation 


d(CyF« rer) 
dt 


= K(CyFe***) (reduced cytochrome c reductase (1) 


or 


d logyw(CyFe*** K : 
— 7 = 5 , (reduced cytochrome c reductase) (2) 
Under these conditions the concentration of the reduced reductase 
remains constant during the course of the reaction and d log 
(CyFe***)/dt is constant. This is demonstrated by the data 
given in Table IV. 

The data given in Table IV are those used for determining the 
activity of our purest sample. All constituents except the cyto- 
chrome c reductase were added to the cell. After a few minutes 
were allowed for the triphosphopyridine nucleotide to become com- 
pletely reduced, 0.00042 mg. of the reductase was added. The 
galvanometer reading was taken before adding the reductase and 
every minute thereafter. The value of the enzyme activity, W, 
for the final product was calculated to be 138 min.’ X mg. 


' A log(CyFe***) 0.058 
W= : = = 138 


~ AtX mg.enzyme  0).00042 
By plotting the logarithm of the oxidized cytochrome concen- 
tration against the time of the reaction a straight line should be 
obtained and if Equation 2 is true the slope of the line should be 
proportional to the enzyme concentration. This plot is shown 
in Fig. 4 for three reactions with different reductase concentra- 
tions. By plotting the slopes of these curves against enzyme 
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concentration a straight line is obtained, in agreement with 
Equation 2 (Fig. 5). 

The above considerations form the basis for the analytical test 
for the reductase. Under these conditions the rate of reduction 
is proportional to the enzyme concentration. A more thorough 


TABLE IV 
Test for Enzyme Activity 
I, = light intensity (in arbitrary units) after passing through blank cell 
containing no cytochrome. 
I = light intensity after passing through cell containing the cytochrome. 


l = length of cell = 0.32 cm 

dh = 550 mu. 

a oxidized (for CyFe***) = 0.0956 K 10* cm.? X moles™ 

a reduced (for CyFe**) = 0.281 X 108 em.? X moles“. 

C = total cytochrome concentration = 5.4 X 10-* mole per ce 


(CyFet++) = 1/l log Lo/l a reduced X C 
: a oxidized — a reduced 
Temperature 25°; gas space, air. 
The following constituents were added, 1.0 cc. of 0.025 m phosphate 
buffer, pH 7.3, 0.90 mg. of potassium salt of hexose monophosphoric acid, 
0.10 mg. of Zwischenferment, 0.020 mg. of triphosphopyridine nucleotide, 


and 0.86 mg. of cytochrome c. 


Galvanometer | 
Time ~~ i (CyFet***) oxo cock) | (ope 
le I 
min. — i” | min.~ 
0 180 123 1.47 5.40 0.732 
Added 0.00042 mg. reductase 
] 180 111 1.62 4.70 | 0.672 0.060 0.060 
2 180 103.5 1.74 4.14 0.617 0.115 0.058 
3 180 96 1.87 3.62 0.559 | 0.173 | 0.058 
4 180 90 1.99 3.16 0.500 0.232 | 0.058 
5 180 | 85.5 2.10 2.76 0.440 | 0.292 0.058 
6 180 80.5 2.23 2 


36 | 0.373 0.359 | 0.060 


study of the kinetics of this system will be presented in a later 
report. 

The reaction between cytochrome c and cytochrome c reductase 
is first order with respect to each of these constituents. Since the 
cytochrome c undergoes a 1 valence change and the reductase a 
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2 valence change, we may tentatively postulate that the reductase 
forms an intermediary semiquinone-like free radical in the course 
of the reaction. ‘This conclusion is not surprising in view of the 
finding of Haas that such a compound was observable for the 
“old’”’ yellow enzyme (17). 

From the data in Table IV we are able to calculate minimum 
values for the specific reaction velocities for the oxidation of 
cytochrome c reductase by cytochrome c and also for the reduction 
of the reductase by dihydrotriphosphopyridine nucleotide. In 
the first case we assume that all the reductase is in the reduced 
form; in the second case we assume that the reductase is all in the 
oxidized form. As these values for the oxidized and reduced 


TABLE V 
Specific Reaction Velocities at 25° 


K = min.“ mole™ liter. 


, | 
Reaction 


; Reaction Reaction 
. 
| “eth cise: | with eyto- | with 
Enzyme | Prosthetic group pyridine ey lexi 


| | K (reduced) | dised) X | dined) x 
| | pomee | 10% lo-* 
. | 











Cytochrome c re-| Alloxazine mono-| >520 > 280 
ductase | nucleotide 

“Old” yellow =| re " 60 | 0.3 1 
zyme 

“New” yellow en- | Alloxazine  dinu- | 220 | 0 0.14 
zyme | ¢leotide 





concentrations of the reductase are maximum values, we obtain 
only minimum values for the reaction constants. In Table V we 
compare these values with the known or calculable values for 
reactions involving the “‘old’”’ and the “new” yellow enzymes (2). 
The constant for the reaction between “‘old’”’ yellow enzyme and 
cytochrome c is based upon data obtained with our own prepara- 
tion. We have also included the specific reaction velocity con- 
stants for the reactions between the “old” and “‘new” yellow 
enzymes and oxygen in order to show the relative rates of oxida- 
tion by cytochrome and by oxygen. We have not yet determined 
whether the reduced form of our enzyme can be readily oxidized 
by oxygen but the evidence is definite that this enzyme is much 








764 Cytochrome c Reductase 


more active toward triphosphopyridine nucleotide and cyto- 
chrome c than either of the other two enzymes. The reduction 
of cytochrome c by the “‘old”’ yellow enzyme as reported by Theo- 
rell (3) can easily be explained by the assumption that prepara- 
tions of this enzyme contained only 1 part per thousand of active 
cytochrome c reductase. 
Prosthetic Group 

In the following we shall demonstrate that the prosthetic group 
of cytochrome c reductase is alloxazine mononucleotide, the same 
prosthetic group as that associated with the ‘‘old”’ yellow enzyme. 
To do this we shall describe experiments in which the prosthetic 
groups of cytochrome c reductase, of the “‘old’’ yellow enzyme, 
and of the amino acid oxidase are interchanged. We shall also 
substantiate our conclusion by a report of a phosphorus deter- 
mination on the prosthetic group of the reductase. 


Splitting and Resynthesis of Cytochrome c Reductase 


The reductase can be split and separated into a flavin and a 
colorless protein in the presence of a high hydrogen ion concentra- 
tion. The method of effecting this splitting was first suggested 
by Warburg and Christian (18). Each part of the dissociated 
enzyme is by itself inactive but by combining the two the active 
enzyme can be resynthesized. 

The prosthetic group was prepared by dissolving 70 mg. of 
enzyme (obtained from step (5), purity = 0.32) in 8 ce. of water 
at 0°. To this solution were added 2 gm. of (NH,)2SO, and 2 ce. 
of n H.SO, The pH of the resulting solution was 2.3 and the 
degree of saturation was 0.35 with respect to (NH4)2SO, The 
precipitated protein was separated by centrifugation and dis- 
carded. The supernatant solution which contained the flavin was 
neutralized with 0.50 ec. of 2N KOH. We thus obtained 9.0 ce. 
of a clear yellow solution. The flavin in this solution we shall 
designate henceforth as flavin... Spectrophotometrically this 
solution was found to contain 0.40 X 10-7 mole of flavin per ce. 

To obtain the active protein component 8.8 mg. of an enzyme 
preparation (purity = 0.62) were dissolved in 6 cc. of a solution 
which was 35 per cent saturated with (NH,)2SO,, at 0°. 0.8 ce. 
of a solution which was 35 per cent saturated with (NH,4)S0O, 














Haas, Horecker, and Hogness 765 


and was 0.1 N with respect to H.SO, was then added so that Congo 
paper was just blue. The protein was precipitated and separated 
by centrifugation. It was then washed with 3 cc. of a 50 per cent 
saturated (NH,)2SO, solution and dissolved in 4 cc. of 0.05 m 
phosphate buffer, pH 7.3. 1 cc. of this colorless solution con- 
tained 1.5 mg. of protein which we shall designate as proteing.;.; 
purity 0.50, yield 37 per cent. 

The activity of each of the components and of the resynthesized 
enzyme was determined by means of the test previously described 


TABLE VI 
Enzymatic Activity of Separated and Combined Enzyme Components 


, 7 -rotein = 2 an 
Flavine.r. = 2.5 X 10 mole Be on ms rs 5 fou Ae J 


Proteing.r, = 0.92 y per ce. : 
6.f per cc. per 62. 
' A log ‘ A log A log 
. (C Fak y | fCrFor™)| 8 CyF fy (CyFe™ ; es Pere) (CyFe™*) 
— At —" At — At 
min. mtn. min. 
0 0.710 0 0.734 0 0.720 
] 0.698 0.012 ] 0.731 0.003 l 0.633 0.087 
2 0.684 0.013 2 0.728 0.003 1.5 0.606 0.076 
2 0.570 0.075 


Average for 
A log(CyFe***) 
a 
= 0.012 0.003 0.079 
Protein... = protein of cytochrome reductase; flavin,,. = flavin of cyto- 
chrome reductase. 


(Table IV). In Table VI the activities of flavin,,., proteing.,., 
and flavin,,,, + protein,,,, are compared. 

This experiment shows clearly that the activity is restored when 
the two components are recombined. The small activity of the 
protein alone is probably due to some unsplit enzyme in the pro- 
tein solution. 


Dissociation Constant 


To determine the constant for the dissociation of cytochrome c 
reductase into the prosthetic group and protein we added the 
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flavin in different concentrations to a small but constant amount 
of the protein at pH 7.3 and at 25°. The activity of the resyn- 
thesized enzyme Was determined as usual (Tab!'s IV). 
determinations only 0.9 y of protein and about 3 X 10° y of 
flavin are necessary; this makes available a method for deter- 


For these 


mining very small amounts of alloxazine mononucleotide. The 
results of this experiment are given in Fig. 6. Since the dissocia- 
tion constant for this flavoprotein is very small, a considerable 
part of the added flavin is bound to the protein; thus the dissocia- 
tion constant is not equal to the total flavin concentration when 
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Fia. 6. Rate of reduction of cytochrome c as a function of flavin concen- 


ADDED FLAVIN 
tration. Increasing concentrations of flavin,,. added to 0.92 y of pro- 
teine.r.. 
the activity is 50 per cent that of maximum. Rather two points 
on the curve must be used and the constant determined by the 
solution of simultaneous equations 

The value of the dissociation constant K can be determined 
from the following considerations. Consider two points on the 
curve, points (1) and (2). Let V,; be the rate corresponding to 
point (1) and V2 the rate for point (2). Vmax. is the maximum 


rate determined with excess flavin. P, = total protein concen- 
tration, P; and P, = free protein, E; and E, = enzyme concen- 
tration, Fy and fF» = total flavin, and F; and F, = free flavin 


at points (1) and (2) respectively. 
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Pp = E, +P; = E: +P; 


Fo = Fi, +2; Fe = F.t+ EF: 
V J > 
B, « P, —— :B «= Pp — 
V ex V men 


It ean then be shown that 


V men = V; - F V max V2 PF 
V; A él V; x 2 
P, = , > 
Vi-— Vi 


V max 


With P, known, the value of K can readily be calculated. The 
two upper points on the curve were used in this determination, 
since the experimental errors are less than those for the lowest 
activity. The value of the constant so determined is 1 XK 10-° 
mole liter’. Since the rate of the reaction is limited by the tri- 
phosphopyridine nucleotide concentration, it is assumed that most 
of the flavoprotein is in the oxidized state during the course of 
the reaction. The dissociation constant is therefore that for the 
oxidized form. 

By the same sort of calculation we have determined the disso- 
ciation constants for the “‘old’’ and ‘‘new” yellow enzymes. These 
values together with those for the cytochrome reductase and 
amino acid oxidase are as follows: 


Cytochrome c reductase 1 X 10° mole X liter” 
“New” yellow enzyme xi “+. . 
“OW”  “ oxi “ x « 
Amino acid oxidase 20 x 10° “ xX . 


The value for the dissociation constant of the amino acid oxidase 
was determined by Warburg and Christian (18). The cyto- 
chrome reductase is considerably more stable with respect to dis- 
sociation than are these other flavoproteins. 


Prosthetic Group of Cytochrome c Reductase Exchanged with That of 
“Old” Yellow Enzyme 

A preparation of “old’”’ yellow enzyme was made by Mr. H. 

Persky of this laboratory according to the directions given by 
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Warburg and Christian (1). The enzyme was further purified 
by adsorption on aluminum hydroxide gel and subsequent eiu- 
tion with (NH,)SO,, a method first suggested by Kuhn and 


Sdrensen (19). 

The prosthetic group of the ‘old’ yellow enzyme, alloxazine 
mononucleotide, was obtained by following the directions of 
Theorell (13). 

To obtain the protein component, it was necessary to purify 
the enzyme to a greater extent than for the preparation of the 
prosthetic group. This was carried out by adsorption with 
Cas(PO,)e. 

t cc. of the “old’”’ yellow enzyme as previously prepared (3.6 X 
10-7 mole) were dialyzed for 2 days. The enzyme was then ad- 
sorbed on 250 mg. of Cas(PO,)2 gel. After centrifugation the 
calcium phosphate with the adsorbed enzyme was washed with 
0.05 m phosphate buffer, pH 6.1. The enzyme was then eluted 
twice with 3 cc. of alkaline (NH,4)2SQx,. 

The protein was separated from the prosthetic group by the 
method of Warburg and Christian (18) which involves the split- 
ting with acid in ammonium sulfate solution. 

Prosthetic Group of ““Old’’ Yellow Enzyme Replacing the Prosthetic 
Group of Cytochrome c Reductase—To determine whether the 
prosthetic group of cytochrome c reductase is alloxazine mono- 
nucleotide the prosthetic groups of both the ‘‘old”’ yellow enzyme 
and of the reductase were added to an excess of the reductase 
protein. Under these conditions the reaction velocity is a function 
of the flavin concentration. The activities of the two flavins 
were compared by the test previously described (Table IV). The 
results are given in Table VII. 

These results show that the activities of the two prosthetic 
groups are quantitatively the same and that in all likelihood the 
prosthetic group of cytochrome ¢ reductase is alloxazine mono- 
nucleotide. 

Prosthetic Group of Cytochrome c Reductase Replacing the Pros- 
thetic Group of ““Old’”’ Yellow Enzyme—In the following experiment 
the prosthetic groups of both yellow enzymes are combined with 
the protein of the “old” yellow enzyme. The activities of these 
synthesized enzymes were determined manometrically under the 
conditions described by Theorell (13). The results are apparent 


in Table VIII. 
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In Experiments 3 and 4 of Table VIII it is again demonstrated 
that the activities of the two prosthetic groups are the same within 
experimental error, and that they are very probably identical. 
The determination reported in Experiment 5 was made to demon- 
strate that excess protein was present; that the flavin determines 
the rate of oxygen uptake. 

Prosthetic Group of Cytochrome c Reductase Replacing That of 
d-Amino Acid Oxidase 

The previous experiments leave little doubt that the prosthetic 


group of cytochrome c reductase is alloxazine mononucleotide. 


TABLE VII 
Activity of Flavins 


Protein... = 0.92 y per ce. 
Flavin of cytochrome reductase, Flavin of “‘old’’ yellow enzyme, 
0.31 X 10-" mole per cc. 0.31 X 10-™ mole per cc. 
t [8+ log(CyFer++) |S loatCyFer™) |p| g + tog(CyFet*+) |—4 ostCyFer™*) 
At Al 
min. min. 
0 0.710 0 ».720 
] 0.663 0.047 l 0.675 0.045 
2 0.625 0.043 2 0.636 0.042 
3 0.583 0.042 3 0.595 0.042 
+ 0.542 0.042 4 0.551 0.040 
5 0.490 0.044 5 0.528 0.041 
Average , 0.044 0.042 


Nevertheless we tested it in the following system which is specific 
for alloxazine-adenine dinucleotide, the prosthetic group of 
d-amino acid oxidase. Alloxazine-adenine dinucleotide was pre- 
pared by Mr. B. Block of this laboratory according to the direc- 
tions given by Warburg and Christian (18). The protein com- 
ponent of the amino acid oxidase was made in accordance with 
the procedure of Negelein and Brémel (14). The results of these 
experiments are contained in the Table IX. 

In every test we have found the prosthetic group of cytochrome c 
reductase to have the same activity as alloxazine mononucleotide. 
The results of Table TX show clearly that it is not alloxazine- 
adenine dinucleotide. 
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Determination of Phosphorus Content of Prosthetic Group 


To confirm the conclusion that the prosthetic group is alloxazine 
mononucleotide, we determined the number of phosphorus atoms 
per molecule of flavin... In alloxazine mononucleotide this 
number is | and in the dinucleotide it is 2. 

The phosphorus determination was carried out according to the 
following procedure. ‘To 2.0 cc. of the solution containing 0.668 x 
10-7 mole of enzyme, 0.1 ec. of 40 per cent trichloroacetic acid 
was added. Under these conditions the enzyme is split and the 
protein precipitated. After centrifugation the protein was washed 
with 2 ec. of 2 per cent trichloroacetic acid and discarded. The 
supernatant and the wash solution which contain the prosthetic 
group were combined and evaporated to dryness. ‘The residue 
was digested with 1.0 ec. of 10 N HySO, and a drop of perhydrol. 
Water, molybdate, and sulfonic acid reagent were added in accord- 
ance with the procedure given in the following paper (20). The 
blue phosphomolybdate complex was developed by heating to 
100° and from the light absorption at 670 my (/o// = 2.47) ina 
1.98 em. cell the amount of phosphorus was calculated to be 2.5 7. 

The 2.5 y of phosphorus correspond to 0.80 X 10~? mole of phos- 
phorus. The proportion of phosphorus to flavin = 0.80/0.668 = 
1.2. In view of the fact that the enzyme had been treated with 
phosphate during preparation, it is understandable that this ratio 
could be somewhat high, but this result together with all the fore- 
going experiments indicates that the prosthetic group contains 
| phosphate atom per molecule and is alloxazine mononucleotide. 


DISCUSSION 

The very high activity of cytochrome c reductase both in 
oxidizing reduced triphosphopyridine nucleotide and in reducing 
oxidized cytochrome c makes it seem highly probable that this 
enzyme constitutes a missing link in the oxidation-reduction chain 
Although the potential of cytochrome b lies between that of 
cytochrome c and the flavoproteins, there is now no necessity to 
include it in this part of the oxidation mechanism. The enzymatic 
functions of both cytochromes a and b are therefore still left to 
be elucidated. 

The fact that the prosthetic group of cytochrome c reductase 
is alloxazine mononucleotide places this coenzyme in a more sig- 
nificant position as a biologically important compound. ‘The only 
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other known flavoprotein having this same prosthetic group is 
the “old” yellow enzyme. 

In view of the unstable nature of cytochrome c reductase it is 
now easy to understand the reason that this substance previously 
escaped detection. If cytochrome c reductase is subjected to the 
same treatment as that used in the isolation of other flavoproteins, 
its activity toward cytochrome c is destroyed. In the preparation 
of the “old’”’ yellow enzyme Warburg and Christian kept their 
product in 33 per cent acetone for 24 hours Under these condi- 
tions cytochrome c reductase loses its activity completely in less 
than 1 hour. Another of their purification steps involves shaking 
for 24 hours at 38°. The activity of our enzyme in reducing cyto- 
chrome c is diminished to the extent of 37 per cent when kept for 
10 minutes at 40°. Since we have not yet studied the reaction 
between the reductase and molecular oxygen, we are not in a posi- 
tion to make any statement regarding the stability of our enzyme 
in its reaction with oxygen. Inasmuch as the free flavin is 
autoxidizable, it is conceivable that the activity of our enzyme 
toward cytochrome ¢ may be destroyed while that toward oxygen 


may not. 


SUMMARY 


1. A new flavoprotein, cytochrome c reductase, which com- 
pletes the oxidation-reduction chain between hexose monophos- 
phate and cytochrome c is reported. 

2. A method for isolating this enzyme from yeast is described. 

3. The molecular weight of the enzyme was determined to be 
about 75,000. The purity of the final product was found to be 
about 87 per cent. 

t. The absorption spectrum and the method of titrating cyto- 
chrome c reductase by cytochrome c are described. 

5. The analytical method, based upon spectrophotometric rate 
determinations, is given, together with a somewhat general treat- 
ment of the kinetics involved in the test. Minimum values of 
the rate constants are determined and it is demonstrated that 
cytochrome c reductase reacts specifically with cytochrome c, 
whereas the ‘‘old” or “new” yellow enzymes do not. 

6. The enzyme can be split into a protein and a prosthetic group 
which is alloxazine mononucleotide. By recombining these the 


enzyme can be resynthesized. 
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7. The evidence that the prosthetic group is alloxazine mono- 
nucleotide is given by the interchange of the prosthetic groups of 
cytochrome c reductase, the ‘“‘old’”’ yellow enzyme, and the amino 
acid oxidase. This is supported by a determination of the phos- 
phorus in the prosthetic group. 

8. The constant for the dissociation of the oxidized form of the 
enzyme into its protein and alloxazine mononucleotide is deter- 
mined to be 1 X 10-* mole liter~'. This enzyme is considerably 
less dissociated than any of the other yellow enzymes. 

9. The enzyme is very unstable with respect to low pH and 
to denaturation by heat. 

10. A method is given for determining very small amounts 
(10-* +) of alloxazine mononucleotide. 


We are particularly indebted to the Rockefeller Foundation, 
without whose help this work could not have been carried out 
by us. We also wish to acknowledge the help received from 
Drewry’s, Ltd., Anheuser-Busch, Inc., the Canadian Breweries, 
Ltd., and the Works Progress Administration 
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During the course of studies on enzymes in this laboratory (1), 
it became desirable to have a method of determining quantitatively 
small amounts (about 1 y) of phosphorus in protein. The avail- 
able methods were unsatisfactory either because they demanded a 
larger sample than could be prepared conveniently or because the 
excess sulfuric acid necessary for digestion interfered with the 
determination. Kuttner and Cohen (2) have reported a method 
which allows the determination of as little as 2.5 y of phosphorus, 
but the amount of sulfuric acid which is permitted during the 
phosphorus determination is insufficient for the preceding diges- 
tion. Berenblum and Chain (3) were able to determine less than 
1 y, but their method has the disadvantage that it involves an 





extraction with small volumes of isobutyl! alcohol. 
| By modifying the method of Fiske and Subbarow (4) and by 
using the photoelectric spectrophotometer described by Hogness, 
Zscheile, and Sidwell (5), 1 y of phosphorus can be determined 
| with an accuracy of +3 per cent. In order to insure complete 
digestion and to avoid any loss of phosphorus, a larger quantity 
of sulfuric acid is used. The final concentration of sulfuric acid 
is 2 N instead of 0.5 N as specified in the original method. The 
blue color of the reduced phosphomolybdic acid complex is 
| developed by heating, as recommended by Benedict and Theis (6). 
| At room temperature the color is stable for several hours. The 
color intensity is determined spectrophotometrically and the 
amount of phosphorus in the sample read from the standard 


determination. 
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EXPERIMENTAL 


Reagents-—-The following reagents are prepared according to the 
directions of Fiske and Subbarow. 

1. 2.5 per cent ammonium molybdate. 

2. 0.25 per cent 1, 2, 4-aminonaphtholsulfonic acid in 15 per 
cent sodium bisulfite and 0.5 per cent sodium sulfite. 

Determination of Unknown Sample—<A sample containing 1 to 5 
of phosphorus (corresponding to 2 to 10 mg. of dry weight in the 
case of enzyme preparations) is digested with 1 ec. of 10 N sulfuric 
acid and a drop of perhydrol. The resulting colorless solution is 
diluted and 0.5 ec. of molybdate solution and 0.2 cc. of naphthol- 
sulfonic acid reagent are added. The final volume is then brought 
to 5 cc. The solution is heated for 20 minutes in boiling water, 
cooled, and the light absorption at 6700 A. determined in an 
absorption cell having a length of 2.0 cm. 

Determination of Standard Phosphorus—A blank solution and 
standard solutions containing 2, 4, and 6 y of phosphorus are 
treated with H.SO, and perhydrol. After formation of the phos- 
phomolybdic acid complex the light absorption is determined as 
above. The values of log J)/J are plotted against the amounts 
of phosphorus. A straight line is obtained. The standard solu- 
tions need be determined only once and the phosphorus content 
of an unknown sample can be read directly from the graph. 


The authors wish to acknowledge their indebtedness to the 
Rockefeller Foundation for the support of the project in which 


this work developed. 
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As the result of a study of the mechanism of the oxidation of 
reduced cytochrome c it was found that cytochrome c was readily 
oxidized by very small concentrations of hydrogen peroxide 
through the intermediation of an extremely active peroxidase. 
Further investigation resulted in the isolation and purification of 
a heretofore unreported enzyme, cytochrome c peroxidase, which is 
specific toward reduced cytochrome c. The source of the peroxi- 
dase used in this investigation was bakers’ yeast. 

Peroxidase preparations have been investigated in the past, 
but it has not been demonstrated that these react with any of the 
important components of the respiratory system. The test for 
the activity of a peroxidase has usually been that of determining 
its ability to catalyze the reaction between hydrogen peroxide 
and pyrogallol. The enzyme, cytochrome c peroxidase, is inactive 
toward pyrogallol, while conversely peroxidase prepared from 
horseradish root, is not active toward cytochrome c. 

In this report we shall describe the chemical properties of 
cytochrome c peroxidase, its constitution, as far as we know it, 
and the method of its isolation and purification. Due to the 
unsuspected contamination of reduced cytochrome c with hydrogen 
peroxide produced in the preliminary reduction, this enzyme was 
first thought to be a soluble cytochrome oxidase and was erro- 
neously reported as such in previous communications (1, 2). 


Analytical Test 
The over-all reaction for the oxidation of reduced cytochrome c 
by hydrogen peroxide is expressed by the stoichiometric equation, 
2CyFe** + H,0, + 2H* = 2CyFe*** + 2H,0 (1) 
777 
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In this equation reduced cytochrome c is denoted by CyFe** and 
the oxidized form by CyFet**. The rate cf oxidation of the 
cytochrome, besides being dependent upon the cytochrome c and 
hydrogen peroxide concentrations, is a function of the concen- 
tration of the enzyme, cytochrome c peroxidase. This fact is 
the basis of the test for measuring the cytochrome peroxidase 
activity. 

As shall be shown experimentally, the rate of oxidation of 
reduced cytochrome c is directly proportional to the concentra- 
tions of cytochrome c and the peroxidase. This proportionality 
is expressed in the following rate equation, 


1 Fe** 
a(CyFet) 
dt 


(CyFe**) (EZ) (H:02)* (2) 


in which K is the rate constant and (£) the concentration of the 
peroxidase. Under the conditions prevailing in the test the rate 
of the reaction is practically independent of the concentration 
of the hydrogen peroxide which is present in large excess. There- 
fore the equation may be written, 

_ a(CyFe**) (3) 


—— = K’(CyFet*)(E£) 
dt 


or 


d logio(CyFe**) _ K’ 
eee a =o 7 
dt 2.3 


In any one experiment the peroxidase concentration (£) does not 
vary and d log (CyFe**)/dt therefore remains constant during 
the course of the reaction. A plot of log (CyFe**) against time, ¢, 
should give a straight line. In Fig. 1 the results of a typical 
experiment show that this:is the case. The activity of the enzyme 
is determined by the slope of the line in such a plot. A plot of 
the slopes of such straight lines obtained for different peroxidase 
concentrations against the enzyme concentration (2) should also 
give a straight line. This relationship is shown in Fig. 2 in which 
slopes or values of d log (CyFe**) /dt obtained for different enzyme 
concentrations appear as functions of the added enzyme. The - 
rate of the reaction may also be a function of the H* ion concen- 
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tration, but since all tests are made at a constant buffered pH, 
the dependence on pH is not involved. 

A cytochrome peroxidase unit of activity is defined as that 
amount of peroxidase which gives a value of 1 min.—' for—d log 
(CyFet*)/dt. The relative purity of any preparation is deter- 
mined by the number of enzyme units per mg. of protein and is 
denoted by the symbol, Q. 
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Fig. 1. A typical plot showing the method used to determine the rate 
of oxidation of reduced cytochrome c by hydrogen peroxide as catalyzed by 
cytochrome c peroxidase. 


A spectrophotometric method was used to determine the con- 
centration of reduced cytochrome c. Monochromatic light, wave- 
length 5500 A. corresponding to the peak of the a band of reduced 
cytochrome ¢c was used for analysis. For a mixture of oxidized 
and reduced cytochrome c the relationship between light absorp- 
tion and concentration is expressed by the equation, 


I 
Log (7) = ag(CyFet**)l + a,(CyFet*) (5) 
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in which ag and ap are the extinction coefficients of oxidized 
and reduced cytochrome respectively ; | is the length of the absorp- 
tion cell. After all the cytochrome has been oxidized, 


Log (*) = ao(Cy;)! (6) 
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2. The rate of oxidation of reduced cytochrome c by hydrogen 
peroxide as a function of the concentration of cytochrome ¢ peroxidase. 


(Cy;) is the total concentration of cytochrome. When Equations 
5 and 6 are combined, the concentration of reduced cytochrome 


at any time is given by Equation 7. 
log (7 ) log ( <2 
og{ — }— lo _ 
te 8\7 ai? ? 
(CyFe+) = — Ae (7) 
(ap — ap)l 
The cytochrome c used in the tests was prepared from horse 


heart according to the method of Keilin and Hartree (3). After 
dialysis, the cytochrome c was precipitated with 4 volumes of 
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eold acetone and dried in vacuo. Stock solutions for the test were 
made by dissolving 100 mg. of cytochrome c in 5 ce. of 0.01 Nn HCl. 

The following is the procedure used in carrying out the test 
illustrated in Fig. 1. Cytochrome c from the stock solution is 
diluted with 0.02 m phosphate buffer, of pH 7.4, to a concentra- 
tion of 1.5 X 10-* mole per ce. For reproducible results, it is 
important that the buffer concentration be low and that the same 
total cytochrome c¢ concentration be used for all tests. The 
diluted cytochrome ¢ solution is reduced with hydrogen and 10 per 
cent palladium asbestos and then filtered. It is not necessary to 
add hydrogen peroxide to the test solution, because enough is 
formed from the dissolved oxygen during the reduction (4). The 
concentration of hydrogen peroxide formed in this reduction is 
4.5 X 10-* mole per cc.—a 6-fold excess over that of the cyto- 
chrome c. 

To 3 ce. of the filtered solution in a 1 em. absorption cell is 
added 0.1 cc. of enzyme solution containing enough peroxidase to 
cause complete oxidation of the reduced cytochrome c in about 5 
minutes. Log J,/J is then measured with the spectrophotometer 
(5) at appropriate intervals of time. Finally, to obtain con- 
veniently the value of log (Ip/I).., 0.05 cc. of 10-* m potassium ferri- 
cyanide solution is added to oxidize the cytochrome c completely. 
The values of log(CyFe**) are then calculated and plotted against 
t, and a straight line is obtained. From the slope of this line the 
concentration of the enzyme in the particular preparation is deter- 
mined. Reduced cytochrome c is oxidized very slowly in the 
absence of the enzyme. This rate should be determined in a 
control experiment and the appropriate corrections made. 


Isolation and Purification 


Starting Material—Bakers’ yeast affords a rich source of cyto- 
chrome c peroxidase. Anheuser-Busch’s bakers’ yeast, after being 
washed, pressed, and dried overnight on copper screens, is finely 
ground in a coffee-mill. Since dry yeast slowly loses its activity, 
the yeast should always be dried a short time before using. 

The following procedure is based upon the results of a large 
number of preparations. The numerical figures for purity and 
yield represent average values. 

Step 1. Extraction by Autolysis—5 kilos of dried yeast are 
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added to 15 liters of distilled water and the mixture is allowed to 
digest at 25° for 24 hours. (The extraction time varies somewhat 
for different batches of yeast, and it is advisable to determine 
the optimum time by means of a small test run before beginning 
the large preparation.) After 24 hours, the suspension is cooled 
and centrifuged. 6 liters of cloudy supernatant liquid (Solution A) 
are obtained. This may be kept at 0° for at least 2 days without 
any loss of activity. Activity 400,000 enzyme units; Q = 1. 
Step 2. Ammonium Sulfate-Trichloroacetic Acid Precipitation 
Hereafter, all operations are carried out at 0°. To 6 liters of 
Solution A are added 2.1 kilos of ammonium sulfate (350 gm. 
per liter) and 330 cc. of 20 per cent trichloroacetic acid (55 ce. 
per liter). A heavy precipitate forms. After standing at 0° for 
4 hour, the mixture is centrifuged and the supernatant liquid is 
discarded. The precipitate is extracted twice with a total volume 
of 1.2 liters of water. After centrifugation, the extracts which 
contain the enzyme are combined, the pH adjusted to 3.8, and 
then the solution is dialyzed for 12 to 15 hours against cold, run- 


ning, distilled water. The cloudy dialysate is clarified by cen- 
trifugation, yielding 1620 cc. of clear brown solution (Solution B). 
180,000 enzyme units; Q = 15; purification 15-fold; yield 


45 per cent. 

Step 8. Alcohol Fractionation—After Solution B has been 
diluted until the dry weight is 5 mg. per cc., the pH is adjusted 
to 4.2. To 3240 cc. of this solution are added 810 cc. of ice-cold 
95 per cent ethyl alcohol, the total alcohol concentration then 
being 19 per cent by volume. After standing at 0° for 15 minutes, 
the precipitate is separated by centrifugation and discarded. To 
the clear supernatant are added 1350 cc. more of cold alcohol to 
bring the concentration of the latter up to 38 per cent. Again 
the mixture is allowed to stand at 0° for 15 minutes and then it is 
centrifuged. The resulting red-brown precipitate is dried in vacuo 
in the refrigerator. The dry powder so obtained may be stored 
in a desiccator at 0° for several months without loss of activity. 
(It has proved convenient to stop at this point in the preparation 
and store up large quantities of the dry powder before going ahead 
with the purification.) 2.5 gm. of dry powder are extracted with 
125 cc. of cold distilled water. After the mixture is centrifuged 
and the insoluble residue discarded, 120 ec. of a red, cloudy solu- 
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tion (Solution C) are obtained. 72,000 enzyme units; Q = 75; 
purification 5-fold; yield 40 per cent. 

Step 4. Adsorption and Elution—To 120 ce. of Solution C are 
added 24 cc. of y aluminum hydroxide (6). (The aluminum 
hydroxide has a dry weight of 7.6 mg. per cc.) After standing 
for 5 minutes, the mixture is centrifuged, and the supernatant 
liquid discarded. The precipitate is washed three times, each 
time with 120 cc. of water; the wash water is discarded. The 
enzyme is then eluted from the aluminum hydroxide with suc- 
cessive lots of 3 ec. of 18 per cent saturated ammonium sulfate 
until the last eluate appears perfectly colorless. Five elutions 
generally suffice. The brown-colored eluates are combined and 
dialyzed for 38 hours against cold, running, distilled water. A 
precipitate which forms during dialysis is removed by centrifuga- 
tion, leaving 20 cc. of clear brown solution (Solution D). This 
solution is very stable and may be kept for several weeks at 0°. 
25,000 enzyme units; Q = 450; purification 6-fold; yield 35 
per cent. 

Step 5. Alcohol Precipitation—To 20 cc. of Solution D, 0.2 ce. 
of 0.1 m acetate buffer of pH 4.63 is added. The resulting pH is 
about 4.7. Then 7 cc. of alcohol are added at 0° to bring the 
alcohol concentration to 25 per cent. After standing at 0° for 
$ hour the suspension is centrifuged, and the brown precipitate 
dried in vacuo in the refrigerator. The dry powder is extracted 
with 4 cc. of cold water. After centrifugation the residue is 
discarded and a clear, dark brown solution (Solution E) is obtained. 
12,500 enzyme units; Q = 800; purification 1.8-fold; yield 50 
per cent. 

The over-all purification of 800-fold is obtained with a 3.2 per 
cent yield. The degree of purification is based upon the concen- 
tration of the enzyme in the original extract and not upon the 
whole yeast. 


Absorption Spectrum 


The purest preparation obtained had a brown color and gave 
the spectrum shown in Fig. 3. Absorption peaks were found at 
2700 and at 4100 A. Upon reduction with sodium hydrosulfite, 
the peak at 4100 A. disappeared and new peaks appeared at 
4375 and 5600 A. The absorption in the ultraviolet region is 
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typical for proteins; that in the visible region, for hemin com- 
pounds. This spectrum is similar to that of peroxidase obtained 


from horseradish (7). 
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Fic. 3. Spectra of oxidized and reduced cytochrome c peroxidase prepa- 


ration. 


Cytochrome c-Hydrogen Peroxide Reaction 


In order to demonstrate conclusively the function of the enzyme, 
it was necessary to obtain reduced cytochrome c free of both hydro- 
gen peroxide and any substrate which might react rapidly with 
the hydrogen peroxide or which might otherwise inhibit the enzyme. 
The method of reduction which was found to be most satisfactory 
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was the enzymatic procedure described by Haas, Horecker, and 
Hogness (8). By the proper adjustment of the concentrations of 
the reactants (hexose monophosphate, Zwischenferment, triphos- 
phopyridine nucleotide, and cytochrome reductase), the rate of 
reduction of cytochrome c can be made as slow as desired. In the 
following experiments, the cytochrome c was completely reduced 
in about 12 hours. 

Cytochrome c so reduced exhibits no measurable rate of autoxi- 
dation. The addition of a large amount of cytochrome c peroxi- 
dase to this solution of reduced cytochrome c causes no oxidation. 
Since the cytochrome c solution is saturated with air, oxygen 
obviously is not an oxidant with this enzyme. If the reduced 
cytochrome c is mixed with an excess (10- to 20-fold) of hydrogen 
peroxide, it is very slowly autoxidized. Upon addition of both 
hydrogen peroxide and enzyme, however, the rate of oxidation is 
very rapid. This is illustrated by the following experiment. 
3 ce. of reduced cytochrome c (concentration = 1.4 X 10~-* mole 
per cc.) were mixed with 0.1 cc. of solution containing 26.8 X 10-5 
mole of hydrogen peroxide. This was a 12.5-fold excess of the 
latter. The rate of oxidation of the reduced cytochrome was 
measured in the spectrophotometer. 6 minutes after the first 
reading, 0.1 cc. of an enzyme preparation (0.088 enzyme unit) 
was added. ‘The increase in rate as shown in Fig. 4 demonstrates 
the catalytic action of the enzyme. 

In the foregoing case, a small amount of enzyme was used in 
order to obtain a measurable rate. If larger amounts (1 or more 
enzyme units) are added, the oxidation of cytochrome c is instan- 
taneous. With such large concentrations of enzyme, it is possible 
to titrate reduced cytochrome c with hydrogen peroxide. 

The titration of the reduced form of cytochrome c was carried 
out as follows: 3 cc. of a reduced cytochrome c solution (2.95 X 
10-* mole per ec.) which was about 30 per cent reduced was placed 
ina l cm. absorption cell. To this was added 0.1 ec. (110 enzyme 
units) of a peroxidase preparation of Q = 710. This caused no 
oxidation of the cytochrome c. Hydrogen peroxide was added 
in small amounts, 0.335 X 10-* mole at a time, and log J)/J 
determined immediately after each addition. When all the cyto- 
chrome c was oxidized, further addition of hydrogen peroxide 
produced no change in the absorption. Log J,/J was corrected 
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for dilution, and the total amount of reduced cytochrome c remain- 
ing after each addition of hydrogen peroxide was then calculated. 

The solid line in Fig. 5 is the theoretical curve calculated with 
the assumption that the reaction between reduced cytochrome c 
and hydrogen peroxide proceeds according to Equation 1. The 
experimentally determined points coincide with this line. Obvi- 
ously, this reaction can be used in the determination of small 
amounts of hydrogen peroxide and was so used to determine the 
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Fic. 4. Experiment demonstrating the activity of cytochrome ¢ peroxi- 


dase 


amount of hydrogen peroxide formed in the catalytic reduction 
of cytochrome c by hydrogen and palladium. 

The above experiments demonstrate the enzymatic function of 
cytochrome c peroxidase. It catalyzes the reaction between re- 
duced cytochrome ¢ and hydrogen peroxide. 


Comparison of Peroxidases 


Since Willstitter’s early work on peroxidase, the standard test 
for peroxidase activity has been a determination of its activity 
as a catalyst for the oxidation of pyrogallol to purpurogallin by 
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hydrogen peroxide. Cytochrome peroxidase, however, does not 
catalyze this reaction. To determine whether peroxidase as ob- 
tained from horseradish root has any catalytic activity upon the 
oxidation of cytochrome c, a preparation of this enzyme was made 
by the method described by Elliott (9). That this peroxidase is 
inactive toward cytochrome c is shown by the following results 
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Fic. 5. Titration of the reduced form of cytochrome ¢ by hydrogen 
peroxide. The solid line is the theoretical curve calculated with the as- 
sumption that the reaction between reduced cytochrome c and hydrogen 
peroxide proceeds according to Equation 1. The points were determined 
experimentally. 


which summarize the experiments comparing the activities of 
horseradish and cytochrome c peroxidases: cytochrome c¢ peroxi- 
dase, PZ 0.9, Q 800; horseradish peroxidase, PZ 130,Q 4.3. (PZ, 
the purpurogallin number, is defined as the number of mg. of 
purpurogallin formed in 5 minutes at 20° by 1 mg. of peroxidase 
preparation, from 12.5 mg. of hydrogen peroxide and 1.25 gm. 
of pyrogallol (10).) The very small activity of cytochrome c 
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peroxidase toward pyrogallol and that of horseradish peroxidase 
toward cytochrome c are negligible. Thus it is clear that these 
two are distinctly different enzymes. 


Prope rltes of Cytochrome Cc Pe roxidase 


Heat Lability—S8oth the original extract and the purified solu- 
tion have about the same sensitivity to heat. 85 per cent of the 
activity of cytochrome c peroxidase is destroyed if the enzyme is 
kept at 55° for 5 minutes. 

Cyanide Inhibition—The enzyme is extremely sensitive to small] 
concentrations of potassium cyanide; it is completely inhibited 
by 3 X 10-*m KCN. Both the original extract and the purified 
preparation display the same sensitivity to cyanide. 

Salt Effect—The activity of this enzyme is affected markedly by 
the salt concentration of the test medium. An increase in the 
buffer strength of the test solution from 0.02 to 0.10 m phosphate 
results in an 87 per cent inhibition of the activity. This inhibition 
seems to be a general salt inhibition and not specific for phosphate 
ions, inasmuch as 0.10 m NaCl concentration inhibits the activity 
to the extent of 80 per cent. This effect recalls a similar result 
obtained in the study of the oxygen uptake of purified hemoglobin 
solution (11). Similar salt effects have been found for both 
catalase and horseradish peroxidase (12). 

Catalase Inhibition—-As might be expected, catalase when pres- 
ent in relatively large amounts prevents the oxidation of reduced 
cytochrome c. If the catalase is present at a concentration which 
is of the same order of magnitude as that of the peroxidase, the 
rate of the reaction continually decreases with time because of 
the destruction of the hydrogen peroxide by the catalase. 


Chemical Constitution 


Hemin Content—The foregoing facts, that the spectrum of the 
cytochrome c peroxidase preparation has a hemin-like structure 
and that cyanide inhibits its activity, pointed to the likelihood 
that cytochrome c peroxidase is a hemin-protein compound. This 
conclusion was confirmed by experiments in which a reduced 
pyridine hemochromogen was produced from the enzyme when it 
was treated with pyridine and a reducing agent. The spectrum 
of the hemochromogen produced in this way was identical with 
that obtained from blood hemin. 
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In determining the hemin content a modification of the method 
of Kuhn, Hand, and Florkin (7) was used. To 0.5 ce. of a solution 
of the enzyme in water, 0.03 ce. of 5 m NaOH, 0.1 cc. of pyridine, 
and 0.2 ec. of a neutralized 0.1 m solution of ascorbic acid were 
added. The formation of the pink hemochromogen was complete 
within 5 minutes. 

Reduced pyridine hemochromogen has absorption peaks at 
5275 and 5575 A. with a minimum at 5400 A. The test solution 
was placed in a 1 cm. absorption cell and the extinction measured 
at 5400 and 5575 A. by means of the photoelectric spectropho- 
tometer. From these absorption data the concentration of hemin 
was calculated from the formula, 


(7). (7) 
) — == IG = 
I 5575 . I 5400 (8) 


(Hemin) = 
(cess7s — eesso0) 


Measurements on a standard solution gave ags73 — asso = 27.3 
em.? per mg. hemin. The concentration of hemin is expressed 
in mg. perce. With this method it is possible accurately to deter- 
mine 1 y of hemin. The use of ascorbic acid rather than sodium 
hydrosulfite as the reducing agent is desirable, inasmuch as the 
latter often causes a progressively increasing turbidity which inter- 
feres with the optical measurements. Also, by the use of the dif- 
ference in absorption between 5575 and 5400 A. rather than the 
absolute values, errors due to absorbing impurities and scattering 
of light are minimized. ; 

Sample 1—A preparation having a value of Q = 806 and a dry 
weight of 1.81 mg. per cc. was analyzed for hemin by the above 
procedure. It contained 0.00542 mg. of hemin per ce. The per 
cent hemin was 0.30. : 

Sample 2—A preparation with a value of Q = 705 and a dry 
weight of 2.653 mg. per cc. contained 0.00804 mg. of hemin per 
ec. The per cent hemin was 0.30. 

Thus two different samples of the peroxidase with not very 
greatly different activities showed the same hemin content. The 
hemin content of this sample of cytochrome peroxidase may be 
compared with the hemin content of both catalase and hemoglobin. 
The hemin content of catalase is 0.92 per cent, while that of hemo- 
globin is 3.4 per cent. This indicates that if the molecular weight 
of cytochrome c peroxidase is the same as that of catalase the 
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purest preparations are about 30 per cent pure. On the other 
hand if the hemin to protein ratio is the same as that for hemo- 
globin a product of only 10 per cent purity has been obtained. 

Copper Content—A qualitative spectrographic analysis showed 
that, in addition to iron, significant amounts of copper were present 
in the purified enzyme preparations. A quantitative determina- 
tion of copper was therefore made. The method used was that 
of Eisler, Rosdahl, and Theorell (13). Doubly distilled water was 
used in making up the reagents. A few drops of 30 per cent H,0, 
were used instead of perchlorate to remove all color. The solu- 
tions of enzyme which were analyzed were Solution E preparations, 
obtained in step (5) of the purification, for which double distilled 
water was used to dissolve the dried alcohol precipitate. 

Sample 1—1 ce. of Solution E containing 2.65 mg. of protein 
and having a value of 705 for Q was found to contain 2.85 y of Cu; 
per cent Cu = 0.11. 

Sample 2—1 ce. of Solution E containing 1.81 mg. of protein 
(Q = 806) was found to contain 1.56 y of Cu; per cent Cu = 
0.086. 

Upon purification the copper content decreased slightly. This, 
however, is not in itself sufficient evidence to show that the enzyme 
does not contain copper. 

The sodium salt of diethyl dithiocarbamate is a specific inhibitor 
for copper catalysts. Kubowitz (14) has reported the complete 
inhibition of polyphenol oxidase by this reagent. Stotz, Harrer, 
and King (15) found that with a 100-fold excess of inhibitor, the 
inhibition of copper-containing oxidases was 70 to 100 per cent. 
With a 150,000-fold excess of diethyl dithiocarbamate no inhibi- 
tion of cytochrome c peroxidase activity was exhibited. It 
therefore seems highly probable that the copper found in the cyto- 
chrome ¢ peroxidase preparations bears no relationship to the 
catalytic activity of the enzyme. 

DISCUSSION 

From the data already at hand it is possible to make a com- 
parison of the rate of destruction of H,O2 by catalase with the rate 
of H,O- utilization by the reaction involving cytochrome c per- 


oxidase. 
Under the conditions used in the test for peroxidase the initial 
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concentration of cytochrome c is 1.5 XK 10-* mole per cc., the same 
order of magnitude as its concentration in skeletal tissue. The 
hydrogen peroxide concentration is 5 X 10~-* mole per ce. With 
this concentration of reactants and with a peroxidase preparation 
for which Q = 800 the rate at which hydrogen peroxide reacts is 
equal to 5 X 10-* mole per minute per mg. of enzyme. 

The destruction of HO, by catalase takes place in accordance 
with the rate equation 

dH,0, 
—— k(H202) 

For crystalline beef catalase k = 30 and for horse catalase k = 
63. With an H,O, concentration of 5 X 10-* mole per cc., as in 
the peroxidase test, the rate of destruction of the H,O, is 7.5 X 


TABLE | 
Rates of Utilization of Hydrogen Peroxide 


HO: per mg. enzyme H:0: per mg. hemin 


per min. per min. 

mole mole 
Cytochrome c peroxidase 5.0 X 10° 16.7 xX 10°-% 
Beef catalase 7.5 X 10-5 8.16 X 10-° 
6.8xX10° | 17.2 xX 10° 


Horse catalase 


10-* mole per minute per mg. of beef catalase, and 15.8 X 10-5 
mole per minute per mg. of horse catalase. In the above the 
activity of pure catalase has been compared with that of an im- 
pure sample of the peroxidase. A better comparison might be 
one involving the activity per mg. of hemin in the two enzymes. 
Pure catalase contains 0.92 per cent hemin, whereas the purest 
preparation of cytochrome peroxidase contains 0.30 per cent. 
The activities both on the basis of the hemin content and on the 
basis of dry weight are given in Table I. On the basis of hemin 
content cytochrome c peroxidase has about the same activity as 
that of horse catalase and a greater activity than that of beef 
catalase. 

Dry bakers’ yeast contains about 7 X 10-" gm. of iron as 
catalase per gm. of yeast (16), while 1 gm. of dry bakers’ yeast 
contains about 18 X 10-* gm. of peroxidase iron. In yeast there- 
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fore there is about a 250-fold excess of peroxidase over that of 
catalase. The determination of the peroxidase content of tissue 
will be somewhat difficult, inasmuch as both catalase and cyto- 
chrome oxidase interfere with the peroxidase test. 

The fact that the absorption spectrum of the cytochrome ¢ 
peroxidase preparation is very much like that of horseradish 
peroxidase leads to the assumption that both of these enzymes 
have a similar structure. The proteins are not alike inasmuch 
as cytochrome c peroxidase is specific toward cytochrome c and 
is not active toward pyrogallol. The question may arise as to 
whether or not these two enzymes are identical; their different 
activities may be due to a combination of inhibitors and acceler- 
ators. The difference between the activity of these two enzymes 
could conceivably be explained by the assumption that the cyto- 
chrome c peroxidase consists of two enzymes which are necessary 
for the oxidation of cytochrome c together with an inhibitor which 
prevents the reaction with pyrogallol. This, however, seems very 
unlikely. We are therefore led to the conclusion that cytochrome 
c peroxidase and horseradish peroxidase are two different 
entities. 

Whether or not this enzyme is important in all respiratory sys- 
tems involving cytochrome c is at the moment not easy to ascer- 
tain. In fact, very little is known about the importance of hydro- 
gen peroxide itself in cellular respiration; nor has it ever been 
directly demonstrated that hydrogen peroxide is present in intact 
animal tissue. The implicit assumption has been made that any 
hydrogen peroxide produced in the respiratory process is de- 
stroyed by catalase. However, some respiratory systems do not 
contain large concentrations of catalase and, in such systems at 
least, cytochrome ¢c peroxidase may play a significant réle. Even 
in systems rich in catalase it is conceivable that the cytochrome c 
peroxidase, because of its very great activity, may successfully 
compete with catalase for the hydrogen peroxide. 


SUMMARY 
1. A new enzyme, cytochrome c peroxidase, which specifically 
catalyzes the reaction between cytochrome c and hydrogen perox- 
ide is reported and the method for isolating it from bakers’ yeast 
is described. 
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2. The spectrophotometric test for this peroxidase is described 
in detail. 

3. The absorption spectra of both the oxidized and reduced 
forms of the enzyme preparation are given. 

4. A comparison between the activities of cytochrome c perox- 
idase and horseradish peroxidase toward both cytochrome ¢ and 
pyrogallol is made and it is demonstrated that these enzymes are 
two different entities. 

5. This enzyme is inactivated by heating to 55° and its activity 
is completely inhibited by small amounts of cyanide and to a 
much lesser extent by phosphates and chlorides. 

6. The purest preparations thus far obtained have a hemin 
content of 0.30 per cent. A modification of the method of Kuhn, 
Hand, and Florkin for the determination of hemin is described. 

7. There is no apparent relationship between the copper content 
and the activity of the enzyme preparation nor is the enzyme 
inhibited by diethyl dithiocarbamate, which is specific toward 
copper. 

8. A comparison between the activities of cytochrome c per- 
oxidase and catalase shows that the peroxidase is as efficient as 
the most active catalase preparation in the utilization of hydrogen 


peroxide. 
9. Yeast is shown to contain about 250 times as much cyto- 


chrome c peroxidase as catalase. 
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LETTERS TO THE EDITORS 





SULFHYDRYL GROUPS OF SERUM ALBUMIN, 
SERUM, AND MILK 
Strs: 

The maximal number of sulfhydryl groups in many proteins is 
revealed in guanidine halide solutions."? These groups have been 
estimated by the porphyrindin-nitroprusside method.* The 
porphyrindin is standardized against cysteine before, during, and 
after the titration of the protein. Recently, Anson has con- 
firmed our values for egg albumin in guanidine hydrochloride, 
using various oxidants as titrating agents.‘ The agreement is 
satisfactory and suggests that sulfhydryl groups in proteins can 
be readily estimated when nitroprusside is used as an outside 
indicator. 

Serum albumin denatured by heat or by urea gives no tests 
characteristic for sulfhydryl.6 In solutions of guanidine hydro- 
chloride, however, this protein gives a strong nitroprusside re- 
action. This striking difference in the relative effects of urea and 
of guanidine hydrochloride confirms data already given for other 
proteins.* The amount of —SH groups liberated in a3 per cent 
solution of purified beef serum albumin in guanidine hydrochlo- 
ride was estimated by the method described*® and the results 
expressed in terms of cysteine per 100 gm. of protein. The 
cysteine revealed was 0.34 per cent in 8 to 16 M guanidine hydro- 
chloride. Below 8 mM guanidine less cysteine was progressively 
revealed, and at 1 m the reaction for —SH was negative. The 
minimal weight calculated from these data is 35,300. 


1 Greenstein, J. P., J. Biol. Chem., 126, 501 (1938); 128, 233 (1939) ; 130, 
519 (1939). 

2 Greenstein, J. P., and Jenrette, W. V., J. Nat. Cancer Inst., 1, 91 (1940). 

’ Greenstein, J. P., and Edsall, J. T., J. Biol. Chem., 183, 397 (1940). 

* Anson, M. L., J. Biol. Chem., 136, 797 (1940). 

5’ Todrick, A., and Walker, E., Biochem. J., 31, 292 (1937). Hopkins, 
F. G., Nature, 126, 328, 383 (1930). 


795 








796 Letters to the Editors 


When solutions of the protein in concentrated guanidine hydro- 
chloride were allowed to stand exposed to the air for 2 hours, no 
diminution in the amount of SH groups could be observed. 
This is similar to results of earlier work with egg albumin,! and 
indicates the absence of appreciable amounts of heavy metals from 
our preparations. Neutralized cysteine hydrochloride added to a 
solution of the native serum albumin in water could be estimated 
within 5 per cent. Rosenthal and Voegtlin have shown that the 
autoxidation of denatured egg albumin is negligible even in the 
presence of iron.® 

Serum or milk treated with 8 to 16 m guanidine hydrochloride 
gives a positive nitroprusside reaction. The cysteine revealed, 
calculated as mg. per mg. of protein nitrogen, is for sera as follows: 
rabbit 0.010, rat 0.004, guinea pig 0.009, and dog 0.010. Cow’s 
milk becomes nearly transparent when treated with guanidine 
hydrochloride and the cysteine revealed amounts to 0.008 mg. 
per mg. of protein nitrogen. Each fraction of the serum pro- 
teins shows sulfhydryl groups; in milk the sulfhydryl reaction is 
found in the albumin and globulin fractions and not in casein. 
Studies of the sera of tumor-bearing animals will be reported 


elsewhere. 


National Cancer Institute Jesse P. GREENSTEIN 
National Institute of Health 
Bethesda, Maryland 


Received for publication, November 1, 1940 


6 Rosenthal, S. M., and Voegtlin, C., Pub. Health Rep., U.S. P. H.S., 
48, 347 (1933). 











OXIDATION OF GLYCOGEN BY BRAIN SUSPENSIONS 
Sirs: 


If glycogen is added to a suspension of rat brain, prepared by 
homogenization in the apparatus of Potter and Elvehjem,' a con- 
siderable increase in the rate of oxygen uptake occurs. The 
mechanism of glycogen oxidation is evidently different from that 
of glucose, since the effect of glycogen and glucose added together 
is, during the first 20 minutes of readings, almost exactly equal 
to the sum of their effects when added separately. Nearly pure 
gray matter behaves similarly to whole brain. The concentra- 
tions of glucose (0.2 per cent) and of glycogen (0.7 per cent) used 
gave maximal effects when added separately; increases in the 
concentration of either alone had no effect. 

Pyruvate increases the rate of respiration more than does 
glucose, but glucose and pyruvate together do not give any 
additive effect, while pyruvate and glycogen together give a com- 
pletely additive effect during the first 20 minutes. Hexose diphos- 
phate has no effect in the presence or absence of glucose or glycogen 
other than to cause a slight inhibition. 

The results obtained depend upon the method of preparation 
of the tissue. With slices of gray matter in Ringer-phosphate 
medium the addition of glucose causes a very large increase in 
the respiration rate, while glycogen addition has no effect. Whole 
brain suspensions tested in NaCl-phosphate medium, isotonic 
with serum, show both the glucose and the glycogen effects. 
If the tissue, whole brain or gray matter, is homogenized and 
tested in hypotonic medium, the respiration without addition is 
quite low, glucose has very little effect, and glycogen has an 
increased effect. Evidently cytolysis allows the glycogen to 
gain access to the enzymes which attack it while disrupting the 
mechanisms which deal with glucose. In all cases, after 30 to 45 
minutes, the respiration rate in the presence of glycogen, or 
glycogen plus glucose, falls off more than in the presence of glucose 
alone. 


1 Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 
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The table gives the results of typical experiments illustrating 


the above statements. 


Preparation 


Mixed whole brain, 300 mg. fresh 
weight 
Homogenized in hypotonic solu- ; 
tion and run in isotonic solu- < 
tion 
Homogenized and run in iso- 
tonic solution 


Homogenized and run in hypo- | 


tonic solution 
Gray matter, 300 mg. fresh weight 


Homogenized and run in hypo- 


tonic solution 

Gray matter, 22 mg. final dry 
weight (approximately 150 
mg. fresh weight) 


Slices in Ringer-phosphate 


O2 uptake without substrate 


min. |¢.mm., 
| 


0-20) 94 
90-120) 50 


0-20) 119 


| 
b-4 


0-20} 42 





Extra O2: uptake in presence of 


Glucose 


| 


+ glycogen 


giycogen 


| Pyruvate -+ glucose + 


| Pyruvate + glucose 
| Pyruvate + glycogen 


Glycogen 


Glucose 
Pyruvate 


| 


Bean 
| | | 
43) 33) 76) 78) 77/101) 101 
61| 16} 35) 72) 72) 54| 46 
ie peg 4 
61) 34) 88} | | 
rap 
9} 52) 64 
} | La 
BEEeua 
5| 69] 73} | | | 
| na 
Beek & 
Banus 
66) 1) 67 


\!90-120; 14 |139|—1/118 


The observations here reported indicate definitely that at least 
two mechanisms of carbohydrate oxidation occur in brain, one 


applying to glycogen and one to glucose. 
other tissues behave similarly to brain in this respect will be 


tested shortly. 
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THE SOURCE OF CARBON FOR UREA FORMATION* 
Sirs: 


According to the prevailing concept urea is formed by mammals 
through the ornithine-arginine cycle.! Carbon dioxide has 
generally been assumed to supply the carbon. 

The reaction has now been investigated with the aid of the 
stable isotope C™. Washed liver slices (dry weight 1.5 gm.) 
were shaken in 70 cc. of buffer with added NH,Cl, ornithine, and 
glucose, as described by Krebs and Henseleit.!. The bicarbonate 
of the buffer contained 17.2 atom per cent C™ excess.? After 2 
hours shaking with oxygen at 37° the supernatant fluid was 
deproteinized with alcohol containing 3 per cent acetic acid. The 
CO, thereby evolved contained 12.7 atom per cent C™ excess. 
Normal CO, was then passed through the solution to remove any 
trace of marked carbon dioxide which still might have been 
present. The solution was taken to dryness, and the residue 
extracted with alcohol. Evaporation and extraction with alcohol 
were repeated three times and the residue finally dissolved in 
10 cc. of water. This solution contained no detectable amounts 
of carbon dioxide. 

The urea present in the solution was decomposed with urease 
and the CO, evolved was absorbed in barium hydroxide solution. 
The resulting 18 mg. of BaCO; contained 6.3 atom per cent C® 
excess; about half of the carbon of the urea must therefore have 
been derived from the labeled bicarbonate of the buffer. The 
remainder might have been derived from the COs: originating 
from the tissue respiration. Neither the total proteins of the 
tissue slices nor the carbon of the amidine group. of the arginine 


* This investigation was supported by a grant from the Rockefeller 
Foundation and by a grant from the Friedsam Fund, donated to the Divi- 
sion of Child Neurology, Neurological Institute, New York. 

1 Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 

? The authors are indebted to Dr. H. C. Urey for the valuable gift of 
the isotope. 
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isolated from the proteins contained any marked carbon above 
the error of the analytical procedure. The analyses of the isotope 
concentrations were carried out with a mass spectrometer. 


Department oO; Biochemistry LD. RiIrTENBERG 
Colle ge of Ph ysicians and S irgeon 
( olumbia nmiversily 


New York 


Department of Biochemistry HEINRICH WAELSCH 
Vew York State Psychiatric Institute and Hospital, 
and the Department of Ve irology, Columbia Uni- 
ersily 


Vew York 
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A CONSTITUENT OF RAW EGG WHITE CAPABLE OF 
INACTIVATING BIOTIN IN VITRO 


Sirs: 


Recently! the tissues of chicks on a diet causing egg white 
injury were shown to be deficient in biotin (vitamin H) despite 
the abundance of this vitamin in the diet. The injury caused by 
egg white was concluded to be due to the action of egg white in 
making biotin unavailable. 

It occurred to one of us (R. E. E.) that an inactivation of biotin 
by egg white in vitro might be demonstrated. This was found 
to be the case and the biotin-inactivating capacity of commercial 
egg albumin was found to be nearly the same whether the biotin 
preparation was pure (K6gl) or a very crude concentrate. In the 
case of pure biotin 2.2 y were inactivated by 1 gm. of egg albumin, 
while in a crude yeast extract 1.8 y were inactivated by the same 
amount. 

The biotin test method was that developed in this laboratory? 
and the effect of the “egg albumin” was observed simply by intro- 
ducing it into the sterile biotin solution previous to the test, 
and then carrying out the test without heat sterilization. An 
aliquot of the same solution sterilized with heat (steaming) served 
as a positive control. 

The constituent of raw egg white responsible for thus rendering 
the biotin unavailable for yeast growth stimulation (without any 
toxic action) has been purified as follows: 8 liters of acetone were 
added to 2 liters of fresh egg white and the coagulum was washed 
with 1 liter of water. It was then thoroughly suspended and 
washed with 2 liters of 1 per cent salt solution and the filtrate 
retained. The filtrate was five-sixths saturated with ammonium 
sulfate and filtered, the precipitate being discarded. The active 


' Kakin, R. E., McKinley, W. A., and Williams, R. J., Science, 92, 224 
(1940). 
2 Snell, E. E., Eakin, R. E., and Williams, R. J., J. Am. Chem. Soc., 62, 
175 (1940). 
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fraction was then salted-out by complete saturation with ammo- 
nium sulfate. After filtration the material was dissolved in a 
small volume of water and exhaustively dialyzed in a cellophane 
bag against tap water. 

1 part of biotin was inactivated by 125 parts of this preparation. 
[It represented 1000-fold concentration (and approximately 35 
per cent yield) of the inactivating substance, calculated on the 
basis of the amount in the fresh egg white. 

The union between the biotin and the unheated protein is such 
that biotin is not released by dialysis in the pH range 2 to 10.5. 
Steam sterilization completely releases the biotin. The ability 
of this substance to take up and release biotin specifically and 
quantitatively suggests its possible use as a tool in the purification 
of biotin. 

The action of this substance in rendering biotin unavailable to 
yeast makes it highly probable that it is the constituent in raw 
egg white which produces “egg white injury” in animals. Its 
further purification and physiological significance are being 


‘ 


investigated. 


Department of Chemistry RosBert E. Eakin 
University of Texas EsMOND E. SNELL 
Austin Roger J. WILLIAMS 
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BACTERICIDAL FRACTIONS FROM AN AEROBIC 
SPORULATING BACILLUS 


Sirs: 


The present communication is intended to describe simplified 
procedures for purification of the fractions obtained from the 
bactericidal agent produced by an aerobic sporulating bacillus." 2 
A revision of the earlier conclusions regarding the chemical nature 
and biological activity of certain of the fractions is also presented. 

Gramicidin can be obtained directly by extracting the crude 
alcohol-soluble material repeatedly with a mixture of equal 
volumes of acetone and ether. The extracts are evaporated and 
the portion of the residue which is soluble in acetone gives crystal- 
line gramicidin when dissolved in warm acetone and cooled. 

That portion of the crude material (approximately 85 per cent) 
which remains insoluble in acetone-ether is dissolved in about 4 
times its weight of boiling absolute alcohol and there is added 
alcoholic hydrogen chloride corresponding to 0.1 of a mole per 
liter. A precipitate forms as the solution cools. This precipitate, 
when recrystallized several times from absolute methanol with the 
use of small amounts of hydrogen chloride, separates in clusters 
of microscopic needles, melting at 237-239° (uncorrected; Berl- 
Kullmann copper block) with decomposition and showing [a]? = 
—102° (95 per cent alcohol solution; concentration 1 per cent). 
Analysis reveals C 59.4, H 6.8, N 13.5, Cl 2.7. This substance 
was described earlier under the name graminic acid before its low 
chlorine content was recognized; it will be referred to hereafter as 
tyrocidine hydrochloride. It is the salt of a weak base (pK’ = 
about 8.5) and tends to crystallize without its full complement of 
hydrochloric acid. This tendency may be responsible for smail 
variations observed in the analytical properties, and for the 
recovery of a fraction called in the earlier report “gramidinic acid”’ 
but now considered to be a mixture of tyrocidine and its salt. 


‘ Dubos, R. J., and Cattaneo, C., J. Exp. Med., 70, 249 (1939). 
* Hotchkiss, R. D., and Dubos, R. J., J. Biol. Chem., 182, 791 (1940). 
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Gramicidin will continue to be used as the name of the crystal- 
line neutral substance described before.? It is proposed here to 
apply the name tyrothricin to the bactericidal agent prepared as an 
alcohol-soluble, water-insoluble material and containing both 
gramicidin and tyrocidine. This name is derived from the word 
Tyrothriz, a generic name first used by Duclaux to designate 
sporulating aerobic bacterial species, several of which have since 
been founc to exhibit antagonistic activity toward other micro- 
organisms.’ 

It may be noted here that tyrothricin and tyrocidine hydro- 
chloride are now known to show under suitable conditions a 
marked degree of bactericidal activity in vitro against Gram- 
negative as well as Gram-positive microorganisms. Gramicidin, 
however, under the same conditions shows a high degree of specific- 
ity in attacking only the Gram-positive organisms. Furthermore, 
it can now be stated that tyrocidine hydrochloride in amounts of 
50 to 100 y shows definite protective action in mice infected 
intraperitoneally with pneumococci. As stated previously, gram- 
icidin protects mice at a much lower level, viz. 1 to 5 y, under the 


same conditions. 


Hospital of T he Rockefelle r Institute jor Vedical Rowuur D. HorcuKiss 
Research RENE J. Dupos 


Ne w } oT k 
Received for publication, November 18, 1940 


Much, H., Med. Klin . 20, 347 (1924) Rosenthal, L Compl end. 
Soc. biol., 92, 78 (1925). 
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THE ROLE OF CARBON DIOXIDE IN THE SYNTHESIS 
OF UREA IN RAT LIVER SLICES* 


Sirs: 


The rate of synthesis of urea in mammalian liver slices increases 
rapidly with increasing concentrations of the bicarbonate-CO, 
buffer of the medium.' This specific effect has been explained on 
the assumption that the first stage in the synthesis of urea is the 
formation of 6-carbaminoornithine,? the carbonof the urea mole- 
cule being derived entirely, therefore, from the bicarbonate of 
the medium. We have tested this mechanism by studying the 
synthesis of urea by rat liver slices, in a medium containing 
radioactive bicarbonate. The pertinent data are listed in the 
table. 


100 ml. of Krebs saline-bicarbonate (containing C,,); 95 per cent O:- 
5 per cent CO.; pH 7.4; 200 mg. per cent of ornithine; 20 mg. per cent of 
NH,Cl; 200 mg. per cent of pyruvate; 45 minutes; 40°. 





; ; > 
Liver slices, wet Activity per mg, carbon 


Experiment No. | weight Urea formed a 
Urea | Added NaHCO; 
gm. mg. | 
! |} 157 { 88 | 0.00 | 0.22 
2 1.42 6.8 0.08 0.21 
1.05 3.8 0.02 0.05 





* Divisions per second (Lauritsen electroscope); corrected for decay, so 
that the values are comparable. 





At the end of the experimental period the liver slices were 
removed and the solution acidified with 2 volumes of glacial acetic 
acid. 50 mg. of urea were added to act as a carrier and the urea 
precipitated by a solution of xanthydrol in methyl alcohol. The 


* This work was aided in part by a grant from the Dr. Wallace C. and 
Clara A. Abbott Memorial Fund of the University of Chicago. 
' Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 
? Krebs, H. A., in Nord, F. F., and Weidenhagen, R., Ergebnisse der 
Enzymforschung, Leipzig, 3, 247 (1934). 
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precipitate was centrifuged off, washed with dilute acetic acid, 
methyl alcohol, dried in vacuo, weighed, and its activity measured 
by a Lauritsen electroscope. The dixanthylurea melted at 266° 
and showed no depression of the melting point when mixed with 
a control sample. 

The data show without question that the bicarbonate of the 
medium is utilized in the synthesis of urea. The fact that the 
isotopic concentration of the urea is less than half that of the 
bicarbonate of the medium can probably be entirely ascribed to 
dilution with metabolic CO, and to exchange with the COz of the 
gaseous phase of the experimental vessel. 


Department of Biochemistry E. A. Evans, Jr. 
University of Chicago 
Chicago 


Department of Physics Louis SLoTIN 


University of Chicago 
Chicago 
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THE ISOLATION OF ETIOALLOCHOLANOL-3(8)-17-ONE 
(ISOANDROSTERONE) FROM NORMAL AND PATHO- 
LOGICAL HUMAN URINES* 

Strs: 

Etioallocholanol-3(8)-17-one has been previously isolated from 
the urine of a woman with adrenal cortical pathology' and from 
the urine of adult male guinea pigs injected with testosterone 
propionate.? We wish to report this steroid as a constituent of the 
urine of normal women. It also occurs in the urines of patients 
with cancer. Its presence in the urine of normal men is indicated. 

The ketonic material of ether extracts of acid-hydrolyzed urines 
was separated into alcoholic and non-alcoholic fractions by 
half esterification with succinic anhydride. The digitonin- 
precipitable hydroxy ketones were purified by the preparation of 
crystalline semicarbazones and subsequent hydrolysis. 

From 146 liters of urine of normal women, there were obtained 
30 mg. of a digitonin-precipitable hydroxy ketone melting at 165°. 
Two recrystallizations from ethanol and high vacuum distillation 
yielded 15 mg. of a crystalline sublimate ({a]? = +78°, 0.37 per 
cent in ethanol). Recrystallization from methanol gave 11 mg. 
melting at 168-169°; a mixed melting point with authentic iso- 
androsterone (m.p. 170-171°) was 169-171°. An additional 
10 mg., obtained from the mother liquors, melted at 162-164°; 
the benzoate melted at 213-215° and did not depress the melting 
point of isoandrosterone benzoate (m.p. 219-220°). 

Similarly, the urine of female patients with cancer yielded 5 
mg., melting at 161-163°. The benzoate, m.p. 210-211°, gave no 
depression with isoandrosterone benzoate. 10 mg., m.p. 165°, 
were obtained from the urine of male patients with cancer. The 


* Aided by grants (administered by G. Pincus) from the Dazian Founda- 
tion for Medical Research and G. D. Searle and Company. Works Prog- 
ress Administration Project 65-1-14-2949. 

1 Butler, G. C., and Marrian, G. F., J. Biol. Chem., 124, 237 (1938). 

? Dorfman, R. I., and Fish, W. R., J. Biol. Chem., 136, 349 (1940). 
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benzoate, on three recrystallizations from ethanol, melted at 
215-217°; its mixed melting point with isoandrosterone benzoate 
was 218-219°. Analysis, CoxsH,O;, calculated, C 79.14, H 8.69: 
found, C 78.80, H 8.55. 

The digitonin-precipitable hydroxy ketonic fraction of normal 
male urine yielded a crystalline product, melting sharply at 
156.5-157.5° ({a]” = +50°, 1.09 per cent in ethanol). Analysis, 
CigHegO2, calculated, C 79.11, H 9.79; CigHsOe2, calculated, 
C 78.57, H 10.41; found C 78.83, H 9.88. A mixture of dehydro- 
isoandrosterone and isoandrosterone is suspected. 

Androsterone and two of its isomers, etioallocholanol-3(8)-17- 
one and etiocholanol-3(a)-17-one, are present in human urines. 
The remaining stereoisomer of androsterone, etiocholanol-3(8)-17- 
one, if at all present, would be found in the digitonin-precipitable 
hydroxy ketonic fraction. In any event, a current assumption 
that dehydroisoandrosterone is the sole constituent of this fraction 
must be revised. 


Physiological Laboratories W. H. PEARLMAN 
Clark Universit / 
a] orceste 
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from riboflavin, blood 
cells, effect, Klein and Kohn, 


177 


thesis 


See also Riboflavin 
Flavoprotein: Catalysis, substituted 
phenols, effect, Krahl, Keltch, 
and Clowes, 563 
Fructose: Metabolism, Blatherwick, 
Bradshaw, Ewing, and Sawyer, 


615 

G 
Glucose: Antiketogenic activity, 
Wick, MacKay, Carne, and 
Mayfield, 237 
Metabolism, Blatherwick, Brad- 
shaw, Ewing, and Sawyer, 615 


Tolerance, diabetes, sodium chlo- 
ride effect, Orten and Devlin, 

161 

Glucuronidase: §8-, Fishman, 229 

, tissues, glucuronidogenic sub- 

stances, effect, Fishman, 229 


Glucuronidogenic substance(s): 


Tissue §-glucuronidase, effect, 
Fishman, 229 
| Glutamic acid: Ornithine conver- 


sion, biological, Roloff, Ratner, 
561 
synthesis, 
utilization, 
301 


and Schoenheimer, 


Glutaric acid: a-Keto-, 
dioxide 


ca rt on 
Evans and Slotin, 


Glycine: Antiketogenic activity, 
Wick, MacKay, Carne, and 
Mayfield, 237 


Glycogen: Liver, deposition, water 


relation, Fenn and Haege, 87 
Muscle, resynthesis, exercise 
effect, Flock and Bollman, 469 


Oxidation, brain suspensions, ef- 
fect, Elliott and Libet, 797 
Gold: Biological fluids, determina- 
Block and Bu- 
379 


tion, micro-, 


chanan, 
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H 
Heart: Alkalosis effect, Yennet, 
265 
See also Muscle 
Hemorrhage: Concentrates, sweet 


clover, preparation, Campbell, 
Roberts, Smith, and Link, 47 
Sweet clover, effect, Campbell, 
Roberts, Smith, and Link, 47 
Heparin: Blood coagulation, action, 
Ziff and Chargaff, 689 
rhromboplastic factor and, reac- 
tion, Chargaff, Ziff, and Cohen, 
257 
Hydroxycholesterol: 7(8)-, blood 
serum, isolation, 
Wintersteiner and Ritzmann, 
697 


pregnancy, 


I 


Inorganic salt (s): Phosphatides and, 
Christensen and Hastings, 387 
Isoandrosterone : 
Pearlman, 807 
Isotope(s): Radioactive, mineral 


Urine, isolation 


metabolism indicator, Green- 
berg, Campbell, and Murayama, 
35 


K 


Ketogenesis: Anti-, glucose, glycine, 
and alanine, effect, Wick, Mac- 
Kay, Carne, and Mayfield, 237 

Ketogenic action: Fatty acids, Mac- 
Kay, Wick, and Barnum, 503 


Ketoglutaric acid: a-, synthesis, 


carbon’ dioxide utilization, 
Evans and Slotin, 301 
Ketosteroid(s) : a-17-, neutral, 
urine, hydrolysis, extraction, 


and determination, spectro- 
chemical, Talbot, Butler, Mac- 
Lachlan, and Jones, 365 
8-17-, neutral, urine, hydrolysis, 
extraction, and determination, 
spectrochemical, Talbot, But- 

ler, MacLachlan, and Jones, 
365 


Index 


L 
Lactogenic hormone: Pituitary, Li, 
Lyons, and Evans, 709 
Tyrosine and tryptophane, Li, 
Lyons, and Evans, 709 
Lipid(s): Blood serum, testosterone 
effect, Looney and Romanoff, 


479 

Tubercle bacillus, chemistry, 

Anderson, Peck, and Cre ighton, 

211 

Lesuk and Anderson, 603 
Liver: Alkalosis effect, Yannet, 

265 


Glycogen deposition, water rela- 


tion, Fenn and Haege, 87 
Urea synthesis, carbon dioxide 
réle, Evans and Slotin, 805 
Lung: Protein, thromboplastic, 
blood coagulation, action, 
Cohen and Chargaff, 243 


M 
Magnesium: Determination, mano- 
metric, micro-, Hoagland, 553 
Manometer: Injection, Marsh and 


Carlson, 69 
Milk: Sulfhydryl groups, Green- 
stein, 795 


Mineral: Metabolism, radioactive 
isotopes in study, Greenberg, 
Campbell, and Murayama, 35 

Mosaic: Tobacco, 
sulfur distribution, Ross, 119 

Mouse: Dietary essential, Woolley, 

113 

Muscle: Glycogen, resynthesis, ex- 

ercise effect, Flock and Boll- 


virus protein, 


man, 469 
Skeletal, alkalosis effect, Yannet, 
265 
Mussel: Sea, carotenoid pigments, 
metabolism, Scheer, 275 
Mycolic acid: Tubercle bacillus, 
Lesuk and Anderson, 603 
Mytilus californianus: See Mussel, 
sea 
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N 


Negro(es): Blood, climate and sea- 
son effect, Dill, Wilson, Hall, 
and Robinson, 449 

Nicotinic acid: Blood, factors affect- 
ing, Melnick, Robinson, and 
Field, 157 


Derivatives, urine, determina- 
tion, Perlzweig, Levy, and 
Sarett, 729 

, excretion, Melnick, Robin- 

son, and Field, 145 
Synthesis, rat, Dann and Kohn, 
435 

Urine excretion, Melnick, Robin- 

son, and Field, 145 

, factors influencing, Melnick, 
Robinson, and Field, 131 
Nitrogen: Chick embryo, Levy and 
Palmer, 415 

Determination, iodometric, 
micro-, Levy and Palmer, 57 

Oo 


Ornithine: Glutamic acid, conver- 
sion, biological, Roloff, Ratner, 
and Schoenheimer, 561 

Proline, conversion, biological, 
Roloff, Ratner, and Schoen- 
heimer, 561 


Ovariectomy: Urine steroids, effect, 


Hirschmann, 483 
P 
Pepsin: Salmon, specificity, Fruton 
and Bergmann, 559 
Peptidase: Di-, chick embryo, Levy 
and Palmer, 415 
; , cephalic region, Palmer 
and Levy, 629 
, extracts, Palmer and 
Levy, 407 
Peroxidase: Cytochrome c, Altschul, 
Abrams, and Hogness, 777 
Phenol(s): Substituted, flavopro- 
tein catalysis, effect, Krahl, 
Keltch, and Clowes, 563 


Phenylalanine: dl-,resolution, asym- 
metric enzymatic synthesis, 
Behrens, Doherty, and Berg- 
mann, 61 
Phosphatase: Acid, blood serum, 
determination, Gutman and 


Gutman, 201 
Blood plasma, fat metabolism, 
relation, Weil and Russell, 9 
Yeast, determination, Rae and 
Eastcott, 443 


Phosphate: Determination, 
metric, micro-, Hoagland, 543 
Phosphatide(s): Inorganic salts and, 
Christensen and Hastings, 387 
Polysaccharide, tubercle bacillus, 
Anderson, Peck, and Creighton, 

211 

Phosphorus: Organic, determina- 
tion, micro-, Horecker, Ma, and 


mano- 


Haas, 775 
Pigment(s): Carotenoid, sea mus- 
sel, metabolism, Scheer, 275 
Pituitary: Lactogenic hormone, Li, 
Lyons, and Evans, 709 
éibiak 

, tyrosine and tryptophane, 

Li, Lyons, and Evans, 709 


Polysaccharide: Phosphatide, tu- 
bercle bacillus, Anderson, Peck, 
and Creighton, 211 

Potassium: Biological materials, 
determination, colorimetric, 


micro-, Salit, 191 
Determination, silver cobaltini- 
trite method, Harris, 619 
Pregnancy: Blood serum 7(8)-hy- 


droxycholesterol isolation, 
Wintersteiner and Ritzmann, 
697 
Proline: Ornithine conversion, bio- 
logical, Roloff, Ratner, and 
Schoenheimer, 561 
Protein(s): Flavo-, catalysis, sub- 
stituted phenols, effect, Krahl, 
Kelich, and Clowes, 563 
Lung, thromboplastic, blood co- 
agulation, action, Cohen and 


Chargaff, 243 

















820 


Protein (s)—continued 
Tobacco mosaic virus, sulfur dis- 
tribution, Ross, 119 
Prothrombin: Purification, Seegers, 
103 
Purified, properties, Seegers, 103 
Pyridine compound(s): Urine nico- 
tinic acid excretion, influence, 


Velnick, Robinson, and Field, 
131 

R 
Reductase: Cytochrome c, Haas, 
Horecker, and Hogness, 747 
Riboflavin: Determination, biologi- 
cal, Wagner, Aze!rod, Lipton, 


and Elvehjem, 357 
Flavin-adenine dinucleotide syn- 


thesis from, blood cells, effect, 


Klein and Kohn, 177 
Ss 

Salmon: Pepsin, specificity, Fruton 
and Bergmann, 559 

Salt(s): Inorganic. See Inorganic 
salts 

Season: Blood, effect, Dill, Wilson, 
Hall, and Robinson, 449 


Sodium: -Low diets, sodium me- 
tabolism, radioactive isotopes 
in study, Greenberg, Campbell, 
and Murayama, 35 

Metabolism, radioactive isotopes 
in study, Greenberg, Campbell, 
and Murayama, 35 

Sodium chloride: Glucose tolerance, 
diabetes, effect, Orten and 
Devlin, §1 

Steroid(s): a-l7-Keto-, neutral, 
urine, hydrolysis, extraction, 
and determination, spectro- 
chemical, Talbot, Butler, Mac- 
Lachlan, and Jones, 365 

8-17-Keto-, neutral, urine, hy- 
drolysis, extraction, and de- 
termination, spectrochemical, 
Talbot, Butler, MacLachlan, 
and Jones, 365 


Index 


Steroid(s)—continued 
Ketonic, determination, polaro- 
graphic, Wolfe, Hershberg, and 
Fieser, 653 
Urine, ovariectomy effect, 
Hirschmann, 483 
Sulfate: Determination, mano- 
metric, micro-, Hoagland, 543 
Sulfhydryl group(s): Blood serum, 
Greenstein, 795 
albumin, Greenstein, 795 
Milk, Greenstein, 795 
Sulfur: Tobacco mosaic virus pro- 
tein, distribution, Ross, 119 


= 


Testosterone: Blood serum lipids, 
effect, Looney and Romanoff, 
179 
Thiamine: effect, 
Lipton and Elvehjem, 637 
Metabolic products, 
termination, Schultz, Atkin, and 
Frey, 713 
Urine, determination, Schuliz, 
Atkin, and Frey, 713 
Thiazole: Vitamin B;, photochem- 
istry, Uber and Verbrugge, 81 


Cocarboxylase, 


urine, de- 


Thrombin: Pro-, purification, 

Seegers, 103 
purified, properties, Seegers, 

103 

Purification, Seegers, 103 


Purified, properties, Seegers, 103 
Thromboplastic factor: Heparin and, 
reaction, Chargaff, Ziff, and 
Cohen, 257 
Thromboplastic protein: Lung, blood 
coagulation, action, Cohen and 


Chargaff, 243 

Tobacco: Mosaic virus protein, sul- 

fur distribution, Ross, 119 
Transaminase: Kinetics, Cohen, 

585 

Transamination, Cohen, 565 

Tryptophane: Pituitary lactogenic 

hormone, li, Lyons, and Evans, 

709 
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Tubercle bacillus: Lipids, chemis- 


try, Anderson, Peck, and 
Creighton, 211 
Lesuk and Anderson, 603 
Mycolie acid, Lesuk and Ander- 
son, 603 


Tuberculin: Cell residues, phos- 
phatide polysaccharide, Ander- 
son, Peck, and Creighton, 211 

Tyrosine: Pituitary lactogenic hor- 
mone, Li, Lyons, and Evans, 


709 

U 
Urea: Formation, carbon source, 
Rittenberg and Waelsch, 799 
Synthesis, liver, carbon dioxide 
réle, Evans and Slotin, 805 
Urine: Acetone bodies, determina- 
tion, salicylaldehyde use, 
Behre, 25 
Isoandrosterone, isolation, Pearl- 
man, 807 


a-17-Ketosteroids, neutral, hy- 
drolysis, extraction, and de- 
termination, spectrochemical, 
Talbot, Butler, MacLachlan, 
and Jones, 365 
8-17-Ketosteroids, neutral, hy- 
drolysis, extraction, and de- 


termination, spectrochemical, 


Talbot, Butler, MacLachlan, 
and Jones, 365 


Nicotinie acid derivatives, de- 
termination, Perlzweig, Levy, 


and Sarett, 729 
excretion, Melnick, 

Robinson, and Field, 145 
excretion, Melnick, Robin- 
son, and Field, 145 


- factors influencing, 
Velnick, Robinson, and Field, 
131 

Steroids, ovariectomy _ effect, 
Hirschmann, 483 


Urine— continued: 

Thiamine determination, Schultz, 
Atkin, and Frey, 713 
metabolic products, determina- 
tion, Schultz, Atkin, and Frey, 

713 


Vv 


Virus: 
sulfur distribution, Ross, 119 
Vitamin(s): B, phosphorylation, 
adrenalectomy effect, Ferrebee, 


Tobacco mosaic protein, 


719 
, thiazole, photochemistry, 
Uber and Verbrugge, 81 


See also Thiamine 
B, phosphorylation, adrenalect- 
omy effect, Ferrebee, 719 

See also Riboflavin 
Be-borate complex, formation, 
Scudi, Bastedo, and Webb, 399 
D., determination, spectrophoto- 
metric, Nield, Russell, and 
Zimmerli, 73 
D;, determination, spectrophoto- 


metric, Nield, Russell, and 
Zimmerli, 73 
Ww 


Water: Liver glycogen deposition, 
relation, Fenn and Haege, 87 
x 


Xylose: /-, metabolism, Larson, 
Blatherwick, Bradshaw, Ewing, 


and Sawyer, l 

Y 
Yeast: Phosphatase determination, 
Rae and Eastcott, 443 

Z 


Zinc: Carbonic anhydrase, relation, 
Hove, Elvehjem, and Hart, 425 

















GREAT BRITAIN 
NEEDS SURGICAL EQUIPMENT, 


MEDICAL SUPPLIES, DRUGS, SERA, HOSPITAL 


BEDS, ETC., AND CASH .... TO MEET THE GREAT- 
EST CRISIS IN HER HISTORY! 


The Medical and Surgical Supply Com- 
mittee, composed of 250 physicians and 
surgeons in principal cities throughout 
the United States, is urgently in need 
of instruments, dressings, biologicals, 
pharmaceuticals and equipment to be 
shipped to Great Britain for distribution 
among hospitals and medical field sta- 
tions. 


Surgical instruments of all types are 
reconditioned when necessary. 


Doctors are urged to send these mate- 








rials immediately to the 


Medical & Surgical Supply Committee 


420 Lexington Avenue New York City 
ADVISORY CHAIRMEN 
Dr. Carnes Weeks Dr. Stuart L. Craig 
Dr. Franz Groedel Dr. Conrad Berens 


Dr. Joseph Felsen 
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